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Introduction

This report covers work done in the period from 1 May 1987 through 31 December 1993. The work done
on this grant primarily concerns the measurement of aerosol in the stratosphere from NASA ER-2
aircraft. These measurements were made in studies of stratospheric ozone depletion in the northern and
southern hemispheres. Measurements were made with several instruments. The ER-2 Condensation
Nucleus Counter, ER-2 CNC, measures the number concentration of particles in the diameter range from

approximately 0.01 to 1 l.tm. This instrument was developed under a previous NASA grant, NAG2-31.
The Passive Cavity Aerosol Spectrometer measures size distributions in the 0.17 to 3 _tm diameter range.
This instrument was built by PMS Inc. in Boulder, CO and was upgraded during this grant period to a
Focused Cavity Aerosol Spectrometer (FCAS). This upgrade permitted the instrument to measure
particles as small as 0.05 Ixm in diameter. The inlet for the PCAS and FCAS was modified and
characterized under this grant so that the modifications to the aerosol due to anisokinetic sampling and
heating upon sampling and in transport to the measurement location were accounted for in the data

analysis.

These measurements permitted observation of particle production in the southern hemisphere winter polar
vortex and observation of the impact of denitrification on the number concentration of the aerosol in the
denitrified air. In the northern polar vortex, the measurements provided a characterization of the sulfate

aerosol. Following the eruption of Mount Pinatubo in 1991, the measurements permitted an accurate
characterization of the sulfate aerosol enhancements resulting from the eruption. This led to studies of the
impact of heterogeneous chemistry on the partitioning of the partitioning of the reactive nitrogen species
and the partitioning of the chlorine reservoir.

Tasks Funded by this Grant
Some of the tasks listed here were funded entirely by this grant. Others were funded partially by this
grant and partially by other grants.

The tasks undertaken for this grant were:
i.) Prepare the ER-2 condensation nucleus counter (ER-2 CNC) for use in the Airborne Antarctic

Ozone Experiment (AAOE), and operate the ER-2 CNC in AAOE in 1987.
ii.) Analyze data from AAOE and report the measurements in the refereed literature. The data

analyzed included that provided by the ER-2 CNC and data from other instruments on the ER-2.
Collaborations with other investigators dealt with studies of polar stratospheric clouds as well as with
condensation nuclei.

iii.) Calibrate the PMS Passive Cavity Aerosol Spectrometer (PCAS) and provide an inlet for the

instrument which permits representative sampling at air speeds of Mach 0.7.
iv.) Operate the ER-2 CNC in the Airborne Arctic Stratospheric Expedition of 1988-1989

(AASE), calibrate the PCAS in the field.
v.) Analyze the ER-2 CNC and PCAS data from AASE, submit the data to the data archive and

report on the results in the scientific literature
vi.) Upgrade the PCAS to a Focused Cavity Aerosol Spectrometer (FCAS). Check the alignment

of the FCAS probe on the ER-2 aircrat_ with a Rosemont 858 wind vector probe.
vii.) Operate and calibrate the FCAS and the ER-2 CNC in the Airborne Arctic Stratospheric

Expedition II of 1991-1992 (AASEII).
viii.) Analyze the data produced by the FCAS, submit it to the data archive and report the results

and conclusions in the scientific literature.

Accomplishments
i.) The ER-2 Condensation Nucleus Counter was flown in AAOE in 1987. New particle

formation in the descending air of the polar vortex was observed and reported (Wilson, et al., 1989). The
impact of denitrification on the aerosol concentration was noted in the same paper.





ii.) Contributions were made to the analysis of the data which demonstrated that polar

stratospheric clouds (PSCs) contain reactive nitrogen species (Fahcy et al., 1989).

iii.) The inlet of the PCAS was instrumented and data analysis techniques were developed to

permit the sampling artifacts to be taken into consideration. The FCAS was calibrated prior to AASE,

during AASE and after AASE. The ER-2 CNC was operated in AASE.

iv) The data from AASE were reported to the data archive and were analyzed. Publications

describing the formation of new particles in the descending air of the polar vortex, and the impact of
denitrification on the size distribution of the aerosol in denitrified air were published (Wilson, et al., 1990,

Wilson et al., 1992).

v.) The PCAS was converted to a Focused Cavity Aerosol Spectrometer (FCAS) and this

instrument was calibrated with monodispcrse aerosol prior to, during and after AASE II (Jonsson et al., in

press).
vi.) The aerosol size distribution data acquired in AASEII permitted the evolution of the Mt.

Pinatubo aerosol and its optical properties to be tracked (Wilson et ai., 1993, Brock et al., 1993 ) and

permitted the impact of heterogeneous chemistry on the nitrogen (Fahey et al., 1993, Kawa et al., 1993 )

and chlorine reservoirs (Wilson et al., 1993) to be studied. These measurements were helpful in

determining the impact of sulfate aerosol heterogeneous chemistry on ozone loss (Weaver et al., 1993,
Salawitch et al., 1993).
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Abstract. The eruption of the Mt. Pinatubo volcano in
the Philippines in June 1991 has resulted in increases in the
surface and mass concentrations of aerosol particles in the

lower stratosphere. Airborne measurements made at midlati-
tudes between 15 and 21 km from August 1991 to March
1992 show that, prior to December 1991, the Pinatubo aero-
sol cloud varied widely in microphysical properties such as
size distribution, number, surface and volume concentrations

and was also spatially variable. Aerosol surface area concen-
tration was found to be highly correlated to extinction at vis-
ible and near-infrared wavelengths throughout the measure-
ment period. Similarly, backscatter at common lidar wave-
lengths was a good predictor of aerosol volume concentra-
tions. These results support the use of satellite extinction
measurements to estimate aerosol surface and of lidar meas-

urements to estimate aerosol volume or mass if temporal
changes in the relationships between the variables are con-
sidered.

Introduction

The changes in stratospheric aerosol properties following
the eruption of Mt. Pinatubo have been substantial. Strato-

spheric aerosol surface and volume concentrations measured
nine months after the eruption show enhancements of factors
exceeding 30 and 100, respectively, and mean aerosol diame-
ters showed similar increases from -0.15 gm to -1.1 gm

[Wilson et al., 1993]. These particles are mostly liquid sul-
furic acid produced by the oxidation and subsequent conden-
sation of sulfur gases. Optical depth and its wavelength de-

pendence have also changed significantly from pre-Pinatubo
values [Russell et al., 1993, Valero and Pilewskie, 1992].

Remote sensing instruments, such as the satellite-borne
Stratospheric Aerosol and Gas Experiment II (SAGE II) and
ground-based lidars measure variations in the optical back-
scatter or extinction over large regions and/or long periods
of time. If extinction can be related to aerosol surface or
volume concentrations, satellite observations can map the

global distributions and temporal evolution of these parame-
ters [J_iger et al., 1988; Pinnick et al., 1980; Russell et al.,
1981]. Similarly, to extract extinction, optical depth and
aerosol surface and volume concentrations from profiles of

1Department of Engineering, University of Denver
2National Center for Atmospheric Research
3Science Applications International Corporation
4National Aeronautics and Space Administration, Langley
Research Center

Copyright 1993 by the American Geophysical Union.

Paper number 93GL01691
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lidar backscatter, parameterizations must be used to relate
backscatter to these parameters [Gobbi et al., 1989; Sale-

mink et al., 1984; Vaughan et al., 1988].
J_iger and Hofmann [1991] related lidar backscatter to

extinction and to in situ measurements of aerosol mass and

surface area concentrations for the stratosphere from the pe-
riod from 1980 to 1987. Their data include periods when
the stratospheric aerosol was modified by the eruption of the
El Chich6n volcano. Thomason and Osborn [1992] pro-
vided similar parameterizations based solely on satellite
measurements of extinction in the first five months after the

eruption ofMt. Pinatubo. The purpose of this work is to use
in situ aerosol size distribution measurements measured in

the stratosphere in the first nine months after the eruption of
Mr. Pinatubo to calculate the relationships between extinc-
tion and backscatter and between these optical properties
and aerosol surface and volume concentrations.

Measurement Methods

The measurements discussed in this paper were obtained

with two aerosol particle sizing spectrometers, the Forward
Scattering Spectrometer Probe (FSSP-300) and the Focused
Cavity Aerosol Spectrometer (FCAS), both manufactured by
Particle Measuring Systems, Inc., Boulder, Colorado. The
FSSP measures particles with diameters between about 0.4

_tm and 20 I.tm in 18 grouped size bin s [Baumgardner et al.
1992]. The sensing volume of the FSSP is external to the
aircraft and particles are not substantially modified before
measurement. The FCAS [Wilson et al., 1993] sizes parti-

cles with diameters greater than about 0.068 lam to 3.3 pm
within a pod on the aircraft. During sampling and transport,

the particles measured by the FCAS undergo substantial
heating, leading to volatilization of water from the particles.
Ambient particle size distributions are reconstructed by ac-
counting for this volatization assuming that the particles are
liquid sulfuric acid in equilibrium with the ambient tempera-
ture and humidity and by correcting for anisokinetic sam-

pling [Wilson et al., 1993]. Calibration procedures are also
described in Wilson et al. [1993].

The data discussed here were acquired on the NASA ER-
2 high-altitude research aircraft during AASE-II at pressure
altitudes between 15 and 21 km and may be divided into two
discrete periods based on aerosol microphysical and optical
characteristics. The first period, from 91/08/22 to 91/10/14,
included the latitude range from 21.9 to 90.0 °N. The sec-

ond period, from 91/12/08 to 92/03/26 spanned the latitude
range from 21.9 to 70.3 °N.

Data measured within the polar vortex, where the aerosol
is substantially different from lower latitudes at similar alti-
tudes [Wilson et al., 1992, 1993] have not been included in
this analysis. For the data considered here, the FSSP and
FCAS generally show good agreement in both integrated
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aerosol properties (surface and volume concentrations) and

in particle size distributions in their overlapping range. Fur-

ther results from the aerosol measurements made during

AASE-II may be found in Wilson et al. [1993] and Borr-

mann et al. [1993].

Results

Aerosol Size Distributions

The size distribution of the stratospheric aerosol in the

absence of major volcanic eruptions can be described as ap-

proximately unimodal, with a typically lognormal distribution

[e.g., Turco et al., 1982]. In contrast, from August to De-

cember 1991, the particle size distributions measured during

the ER-2 flights were highly variable. On 22 August 1991,

substantial portions of the total surface area were sometimes

found in particles with diameters (Dp) > 1 gm (Figure la).
These "coarse mode" particles were presumably the fallout

of volcanic material from higher layers and contributed sig-

nificantly to total surface area about 34% of the time at alti-

tudes above 15 km. Figure lb shows a size distribution also

measured on 22 August 1991. Total aerosol surface concen-
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Fig. 2. Surface-weighted geometric mean particle diameter

as a function of aerosol surface area concentration measured

from December 1991 to March 1992.
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Fig. 3. SAGE-II profile of extinction at 453 nm (dashed-

dotted line) measured on 92/01/20 at 49.4 °N, 293 °E, at

75538 UT seconds. Squares are the same parameter

calculated from ER-2 size distribution measurements at 49.4

°N, 292 °E, at 49489 UT seconds (lower point) and 70499

UT seconds (upper point). Also shown is a 694 nm lidar

profile measured NASA/Langley on 92/01/12 (solid line).

The dashed line and triangles are backscatter calculated from

measurements during an ER-2 descent and ascent on

92/01/12 at a point projected to be in the same airmass.

tration was much greater than in Figure lb, and the coarse

particle mode did not contribute significantly to total surface.

Figures la and lb represent the variability present in the

particle size distributions measured prior to December 1991.

Significant contributions to the total particle surface area

came from particles with diameters from about 0.1 to almost

10 gm at various times and locations in this period. From

December 1991 to March 1992, in contrast, aerosol size

distributions were predominately monomodal (Figure lc),

and the aerosol was much more spatially uniform than in the

period prior to December 1991. The geometric surface

mean diameter was found to increase with surface concen-

tration from December 1991 to March 1992 (Figure 2).

Thus, the Pinatubo aerosol cannot be described adequately

by a single loguormal function with fixed mean diameter and

geometric standard deviation.

Calculations of Optical Properties

Extinction and backscattering coefficients were calculated

from the measured particle size distributions using Mie the-

ory. To estimate the refractive index of the particles, the
mass fraction of sulfuric acid was calculated from Steele and

Hamill [1981] using measured temperatures. The refractive

index for each flight segment then was interpolated from the

data of Palmer and Williams [1975] for the appropriate

wavelength and sulfuric acid mass fraction, and corrected for

1 Supplement Tables is available with entire article on

microfiche. Order from American Geophysical Union, 2000

Florida Avenue, N.W., Washington, DC 20009. Document

L93-003; $2.50. Payment must accompany order.
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temperature [Steele and HamiU, 1981]. Mie efficiency
curves were smoothed by averaging 100 geometric steps for
each measured size interval. The FCAS measurements were

used for diameters less than 1.98 _tm and the FSSP data

were used for diameters greater than 1.93 _tm. No correc-
tion was made for the small overlap. Extinction coefficients
were calculated at the SAGE II wavelengths of 380, 453,
525 and 1020 nm, while backscattering coefficients were
calculated at the common lidar wavelengths of 532, 694 and
1064 nm.

The extinctions calculated with the above procedure were
compared with profiles of extinction measured by SAGE II
[Osborn et al., 1989]. Figure 3 shows comparisons between
a SAGE II profile and extinctions calculated from the meas-

ured particle size distributions at approximately the same lo-
cation but -7 and ~ 1 hrs apart. The agreement between the
two techniques was good.

On 12 January 1992, the ER-2 performed a dip at a loca-
tion calculated by trajectory analysis [P. Newmann, pers.
comm., 1992] to be in the same air column recently meas-
ured by the ruby lidar (694 nm) operated by NASA Langley
Research Center. Figure 3 also shows the results of this
comparison. These comparisons show that the optical calcu-
lations obtained from the ER-2 data are consistent with inde-

pendent, remote optical measurements.

Relationships Between Extinction. Backscatter, Aerosol
Surface and Aerosol Volume

Regressions relating extinction and backscatter to aerosol
surface and volume concentrations are available in tables in a

microform supplement (and from C. Brock). The results are
briefly described here.

Plots of aerosol optical properties against aerosol surface
and volume showed that most of the data were heterosce-

dastic (i.__,e.variance was not constant with changing values
of x). Therefore, the data were logarithmically transformed
before performing least-squares regressions. Despite this
transformation, most of the data from the period prior to
December 1991 remained substantially heteroscedastic, and
least squares fits to these parameters are of limited predictive
value. Exceptions were the relationships between aerosol

surface and extinction at visible wavelengths, and aerosol
volume and backscatter at visible wavelengths. There was
little scatter in the data in both of these relationships
throughout AASE-II.

Table 1 shows the ratios between extinction, aerosol
surface and aerosol mass to backscatter for the lidar

wavelengths from the present work and from J_iger and
Hofmann [1991] after E1 Chich6n and from Thomason and
Osborn [1992] foUowing Pinatubo. Because of the nonlinear
fit between variables in the present work, we have used
median values of the x parameter to calculate the ratios. The
ratio between aerosol surface and backscatter calculated

from our work for the period prior December 1991 differs
from the period from December 1991 onward. (When the

regression between these two parameters is calculated for all
of the data, aerosol surface and backscatter are poorly
correlated [Brock et al., 1992].) Ratios from this latter
period are consistent with the data of J_iger and Hofmann
following El Chich6n. The ratio of mass to backscatter did
not change significantly between the two periods; both show

TABLE 1. Ratios between aerosol surface, mass, extinction

and backscatter from this work and from J_iger and Hofmann
[1991] and Thomason and Osborn [1992]. Variable y is
backscatter.

Ratio x/y

J_iger & Thomason

Period x (nm) This work Hofmann & Osborn
91/08-91/10 Sfc 532 a,b6.18-6.79 b3.9-519
91/12-92/03 Sfc 532 b,c3.69-4.05 b3.9-5_9
91/08-91/10 Sfc 694 a,b8.32-9.30 b4.7-7.8
91/12-92/03 Sfc 694 b,c4.93-5.45 b4.7-7.8

91/08-91/10 Sfc 1064 a,b12.6-14.1 b9.7-i5
91/12-92/03 Sfc 1064 b,c9.66-10.6 b9.7-15
91/08-91/10 Mass 532 d,e9.81-10.3 e12-14 e14-16
91/12-92/03 Mass 532 e,f9.87-10.2 e12-14 e14-16
91/08-91/10 Mass 694 d,e13.5-14.5 e14-18 e16-18
91/12-92/03 Mass 694 e,f13.2-13.5 e14-18 e16-18
91/08-91/10 Mass 1064 d, e34.9-45.7 e25-33
91/12-92/03 Mass 1064 e,f27.5-29.5 e25-33

91/08-91/10 Ext 532 g34.9-45.7 sr 19-39 sr 35-55 sr
91/12-92/03 Ext 532 h27.5-29.5 sr 19-39 sr 35-55 sr
91/08-91/10 Ext 694 i37.7-52.7 sr 27-50 sr
91/12-92/03 Ext 694 J36.3-40.7 sr 27-50 sr
91/08-91/10 Ext 1064 k47.6-60.9sr 54-66 sr

91/12-92/03 Ext 1064 m72.9sr 54-66sr

aSfc. conc.=l.5 I.tm2cm -3. bin units of 1013 gm2m-3sr m.

CSfc. conc.=15 I.tm2cm -3. dVol. conc.=0.3 ktm3cm -3,
density=l.427 (70% H2SO4). eln units of g m-3sr m. fVol.

conc.=3.5 gm.3cm -3. gExt. Coef. = 0.001. hExt.
Coef.=0.012. 1Ext. Coef.=0.001. JExt.Coef=0.011. kExt.

Coef.=0.0005. mExt. Coef.=0.01.

ratios slightly below those of J_iger and Hofmann [1991] and
Thomason and Osborn [1992]. The ratios of extinction to

backscatter also changed substantially between the pre-
December and post-December periods. The changes were
particularly pronounced for the 532 and 1064 nm
wavelengths.

The data presented here provide independent in situ evi-
dence that satellite extinction and lidar backscatter measure-

ments can be used from August 1991 to March 1992 to es-
timate stratospheric aerosol surface and volume concentra-
tions between 15 and 21 km and southward of the Arctic

polar vortex. However, the relationships between the optical
parameters and aerosol surface and volume differ between
the period prior to December 1991. Regressions between
extinction and aerosol volume and between backscatter and

aerosol surface are particularly less robust in this period due
to highly variable aerosol size distributions which led to wide
scatter in the relationships.
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Observations of Condensation Nuclei in the

Airborne Antarctic Ozone Experiment:

Implications for New Particle Formation and

Polar Stratospheric Cloud Formation

J. C. WILSON, 1 M. LOEWENSTEIN, 2 D. W. FAHEY, 3 B. GARY, 4 S. D. SMITH, 5

K. K. KELLY, 3 G. V. FERRY, 2 AND K. R. CHAN 2

The ER-2 Condensation Nucleus Counter (ER-2 CNC) was operated in the Airborne Antarctic
Ozone Experiment in August, September, and October 1987. The ER-2 CNC measures the mixing
ratio of particles, CN, with diameters from approximately 0.02 /zm to approximately 1 /_m.
Comparisons of CN and other aerosol measurements with N20 show that the vertical profile of the
sulfate aerosol was probably displaced downward by the subsidence and mixing processes that
determined the inclination of the N20 isopleths. At altitudes above the minimum in the CN mixing
ratio profile, CN mixing ratios correlated negatively with that of N20, demonstrating new particle
production. The region of particle production was above and south of the 160ppbv N20 isopleth. The
relationship between CN and N20 did not change noticeably when moving from air containing normal
levels of reactive nitrogen compounds (NOy) to air depleted in those compounds. This suggests that
the removal of NOy was accompanied by the removal of a small minority of the CN. Concentrations
of CN are compared with those of larger particles to study cloud formation mechanisms. In some cases
condensation of water or nitric acid trihydrate following rapid cooling caused most of the CN to grow
to diameters larger than 0.81 p.m. Models published elsewhere predict that these conditions should
result in a large fraction of particles growing to these sizes. Episodes of this type probably did not
remove reactive nitrogen compounds through particle sedimentation from the chemically perturbed
region. Small numbers of large particles were observed in other instances. The composition of the
particles and their origins are unclear.

INTRODUCTION

Three interrelated populations dominate the stratospheric
aerosol in the Antarctic winter and spring. These popula-
tions are the submicron sulfate particles, nitric acid trihy-

drate particles, and particles consisting mostly of water ice
and, presumably, some nitric acid. These aerosols and their
interactions are important in the processes which deplete
ozone.

Satellite observations show that polar stratospheric clouds
(PSCs) form in this region at low temperatures [McCormick
et al., 1989]. Models of aerosol growth [Poole and McCor-
mick, 1988] show that the formation of nitric acid trihydrate
(HNO3.3H20) particles and ice particles at low tempera-
tures can explain important features observed in remote,
optical measurements of PSCs. Nitric acid trihydrate parti-
cles with diameters near 1 /zm, as well as larger particles,
presumed to be mostly ice, have been observed in situ
[Fahey et al., 1989].

Reactions occurring on the surface of the predominantly
ice particles may release chlorine [Molina et al., 1987;
Tolbert et al., 1987], which destroys ozone. Removal of
nitric acid from the gas phase is necessary for the mainte-
nance of high concentrations of active chlorine and the
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catalytic destruction of ozone [Solomon, 1988]. It is widely
thought that gravitational sedimentation of large particles
containing nitric acid is responsible for its removal.

The sulfate particles are always present and serve as
nuclei for PSC formation. Their size distribution depends

upon altitude and likely affects the properties of the PSCs
[Poole and McCormick, 1988; Toon et al., 1989]. At mid-

latitudes the sulfate volume mixing ratio has a maximum
near 20-km altitude, and the number mixing ratio profile has
a minimum near the same location (D. J. Hofmann, Strato-

spheric sulfuric acid aersol background increase 1960-1988,
submitted to Nature, 1988). In the spring, at high latitudes in
the southern hemisphere, the maximum in volume and
minimum in number occur at lower altitudes, and a particle
production mechanism is observed at higher altitudes [Hof-

mann et al., 1988].
The aerosol and gas measurements made from the ER-2 in

the Airborne Antarctic Ozone Experiment (AAOE) of 1987
permit physical characteristics of the aerosol to be compared

with dynamical and chemical tracers. This permits study of
the processes affecting these populations and their interac-
tions. This paper focuses on the results of the Er-2 Conden-
sation Nucleus Counter (ER-2 CNC) which provides a

measure of aerosol number mixing ratio. The aerosol num-
ber mixing ratio in an air parcel can be changed by new
particle formation, by mixing with air having a different
mixing ratio, by coagulation, or by cloud processes. If these
processes are negligible, the mixing ratio remains constant
under changes in pressure or temperature.

In this paper, the effect of subsidence in the polar region

on the profile of aerosol number mixing ratio and on the
sulfate aerosol is discussed. Evidence for new sulfate parti-
cle formation is presented and related to the amount of
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subsidence experienced by air parcels in the formation of the

polar vortex. Measurements in air from which nitric acid has
been removed are compared with measurements in air from
which nitric acid has not been removed to determine the
effect of this process on the sulfate aerosol number. The
fraction of nuclei which have participated in clouds is
determined and compared with existing theories.

DESCRIPTION OF INSTRUMENTS AND

KEY MEASUREMENTS

ER-2 Condensation Nucleus Counter

The ER-2 CNC [Wilson et al., 1983a] consists of a thermal
growth chamber in which nuclei are grown to sizes which

permit optical detection and an optical counter in which
grown particles are individually counted. Sampling and
transport systems bring the sample from the outside of the
aircraft to the growth chamber and control the sample flow.
The critical temperatures and flows are continuously moni-
tored in flight so that correct instrument function is verified.

The continuous flow, thermal growth chamber in the ER-2
CNC consists of a saturator in which the aerosol sample is

saturated with butyl alcohol vapor at 28°C followed by a
condenser tube cooled to 5°C. In the condenser, the vapor

becomes supersaturated, and the nuclei in the sample grow
by condensation. Modeling of continuous flow growth cham-
bers shows that the supersaturation for a given streamline in
the flow depends upon the radial position of the streamline in
the condenser [Stolzenburg and McMurry, 1986]. In the
ER-2 CNC the aerosol sample is confined near the center
streamline of the condenser so that all particles experience

the same supersaturation. If the particle surface is wetted by
the vapor, then this supersaturation determines the smallest
particle which will grow. Experiments performed on the
ER-2 CNC with particles of known size and concentration
showed that at pressures between 53 and 187 mbar, more
than 90% of all particles larger than 0.01 /_m in diameter

reaching the growth chamber are counted [Wilson et al.,
1983a].

The overall performance of the ER-2 CNC depends upon
the characteristics of the sampling and transport system as
well as those of the growth chamber and detector. Estimates
of sampling efficiency were made based on assumptions
concerning the fluid mechanics of the inlet. Transport effi-
ciency was calculated from measured housekeeping vari-
ables.

Losses by diffusion were calculated using the results of
Gormley and Kennedy [Fuchs, 1964]. Inertial losses of
particles in the bends and losses by turbulent deposition
were estimated using the results of Chen and Wang [1981]
and Pui et al. [1987]. Effects of anisokinetic sampling were
evaluated using the results of Rader and Marple [1988] for
the three locations in the sampling and transport system

where the sample is extracted from a larger flow. The
analysis shows that the sampling efficiency should vary from
0.7 to 1.3 for particles in the 0.02- to 1-/_m diameter range.
However, comparisons with other aerosol sensors suggest
that the ER-2 CNC lost particles having diameters near to
and larger than 1 /_m and that the upper size cutoff of the
instrument is not well understood. It is likely that the CN
measurements in some clouds in the AAOE underestimated

the total number of particles present.

Definition of Condensation Nuclei

Condensation nuclei (CN) are the particles which are

grown by condensation after creating a supersaturation in
some working fluid, then counted. Usually these methods,
reviewed by Wilson et al. [1983a], succeed in accurately

measuring the aerosol number mixing ratio in the strato-
sphere, since the size range accurately counted by the
instruments usually covers the size range present. The

emphasis in CN counting has often been on the smallest
particles detected by the instruments, since they are usually
appreciably smaller than those typically detected by optical
techniques. Therefore CN are often defined as the particles
larger than the minimum size detected by the CNC. In the
present case, the upper size cutoff of the instrument be-
comes important due to the occurrence of PSCs with mean
diameters near 1 /zm. Therefore, CN are defined here as
particles in the 0.02- to 1-/_m range. When the aerosol
number distribution is dominated by particles outside of this

range, the CN count provided by the ER-2 CNC may not
accurately represent the total number of particles.

Potential Temperature

Potential temperature (0) is defined in (1), where P is the
ambient pressure in millibars and T is the temperature in

degrees Kelvin.

0 = T (1)

Theta increases with altitude and is the vertical coordinate
used most often in this discussion. Isentropic motion is along
surfaces of constant 0. At high latitudes in winter, air cools

diabatically by radiation. The sinking air parcels are said to
be subsiding and cross surfaces of constant 0.

The FSSP

The FSSP is a laser aerosol spectrometer built by PMS,
Inc., of Boulder, Colorado, and is operated by the NASA
Ames Research Center [Ferry et al., this issue]. The instru-
ment sizes particles in the approximate diameter range from

0.81 to 9.74/_m.
The smallest size range in the FSSP data was found to be

noisy, and 100 counts were subtracted from each 10-s FSSP
count in this range. This correction was developed by Fahey
et al. [1989] and corresponds to a subtraction of about 0.5
particles/cm 3. The uncertainty associated with this correc-
tion is of the same order of magnitude as the correction. A

postmission calibration of the FSSP was done by Baumgard-
ner et al. [1989], who also provide corrected channel bound-
aries. The corrections account for the differences between
the refractive index of the calibration aerosol and of water

and for the velocity dependence of the instrument response.
Use of these boundaries is based on the assumption that the
refractive index of the measured aerosol does not differ
much from water. Baumgardner et al. [1989] also deter-
mined the size of the FSSP viewing volume and found the

uncertainty in viewing volume to be -+45%.

The NOy Instrument

The NO r instrument measures reactive nitrogen com-
pounds in both the aerosol and gas phase [Fahey et al.,
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1989]. Gas phase species include NO, NO2, NO3, N205,

HNO 3, C1ONO2, and HO2NO 2. NOy species on particles

entering the instrument are released by evaporation and

detected as equivalent gas phase NOy. The instrument

response to aerosol nitrate depends strongly on particle size

because the inlet of the NOy instrument is subisokinetic.
Therefore the concentration of particles entering the inlet

exceeds the population just upstream of the inlet. An exter-

nal flow, inertial separator upstream of the NOy inlet is

designed to separate particles larger than about 5/zm from

the air stream that impinges on the inlet of the NOy instru-

ment. The details of the separation efficiency as a function of

particle size for the device are not certain. Nonetheless,

NOy on particles larger than the inertial cutoff size are not

sampled.

Other Instruments

N20 was measured with the ATLAS system described by

Loewenstein et al. [1989]. The microwave temperature pro-

filer (MTP), described by Denning et al. [this issue], permits

mapping of the isentropic surfaces in the vicinity of the

ER-2. When the plane is traveling parallel to the wind

vector, the local temperature history of air parcels can be

determined from the MTP data [Gary, 1989].

The ASAS-X is a laser aerosol spectrometer built by PMS

in Boulder, Colorado, and operated by the NASA Ames

Research Center. It is designed to measure the size and

concentration of particles in the diameter range from 0.1 to 3

/xm. During the transport of particles from the free stream to

the laser cavity where the measurement is made, the aerosol

is heated to temperatures well above ambient. It is likely that

most of the nitric acid trihydrate or ice evaporates before the

measurement. Thus the ASAS-X data are used here to

describe the sulfate aerosol rather than PSC particles. Due to

an instrument malfunction, a significant fraction of each

sample was systematically undersized. Corrections for this

systematic error have not been made; therefore the mea-

sured size distributions and magnitudes of derived quantities

are not cited here. It is possible to account for these errors

when making comparisons between ASAS-X measurements.

In the uses of the ASAS-X data which follow, these errors

have been taken into account. The output of the mass flow

meter in the ASAS-X was used when calculating mixing
ratios.

The total water instrument is described by Kelly et al.

[1989]. The measurements of pressure, temperature, and

location are described by Chan et al. [1989].

Units

The mixing ratio of CN is expressed as number of particles

per milligram of air. Aerosol volume mixing ratios are

expressed as/xm 3 per milligram of air. Mixing ratios of gases

are expressed as pptv, ppbv, or ppmv. These units represent

one molecule of the species for every 1012 , 109 , or 106

molecules of air, respectively.

Description of the Experiment

The AAOE is described in detail elsewhere [Tuck et al.,

1989]. Those features of AAOE relevant to this paper are

highlighted here. The NASA ER-2 aircraft flew to Punta

Arenas, Chile (latitude -53°), from NASA Ames Research
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Center (latitude 37°), via Panama and Puerto Montt, Chile

(latitude -41°). Twelve missions were flown from Punta

Arenas south toward Antarctica near the Palmer Peninsula

between August 17 and September 22, 1987. Data were also

taken on the ferry legs as the aircraft returned to Moffett

Field. Figure 1 shows the potential temperature encountered

along typical flight paths as a function of latitude. Most of the

flights south from Punta Arenas were flown on surfaces of

nearly constant potential temperature. The 0 surfaces at

about 425 and 455 K were frequently flown. At the south end

of the flight path, a vertical profile was often flown.

Figure 2 shows the relationship between pressure altitude

and 0 for several flights south from Punta Arenas. In the

southern portion of the flights, the geometric altitude may be

as much as 2 km less than the pressure altitude, since the

actual temperature profiles differ from those in the Standard

Atmosphere.

A chemically perturbed region was encountered on flights
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south from Punta Arenas [Proffitt et al., 1989]. At latitudes

which varied from flight to flight, but averaged -65.6 ° , an

abrupt increase in chlorine monoxide, C10, was noted. This

was often accompanied by decreases in water and NOy. It is

generally believed that water and NOy were removed from

the sampled air parcels through the sedimentation of large

aerosol particles consisting mainly of ice and nitrates. In-

creasingly with time, ozone was seen to decrease in the

chemically perturbed region (CPR). For the purposes of the

discussion which follows, the edge of this region is arbi-

trarily defined as that point at which the C10 mixing ratio

reaches 130 pptv. This point is referred to below as the C10

wall. Due to the paths flown, this feature was encountered

within two potential temperature ranges: from about 415 K

to about 430 K and from about 445 K to about 460 K.

The ER-2 CNC acquired data on 11 of the 12 flights south

from Punta Arenas, failing on August 23. The instrument

acquired data on four of the ferry legs, including all three of

the return legs. On September 21 the ER-2 CNC measured

mixing ratios which were a factor of 2 smaller than values

seen on September 20 and 22. The exclusion of the Septem-

ber 21 data from the figures below is based on subjective

judgment.

Features of the N20 Measurement

and Definition of NOr

N20 is a long-lived tracer for tropospheric air, since its

source is in the troposphere and it is destroyed in the

stratosphere. The mixing ratio of N20 generally decreases

with increasing altitude and 0. Since the lifetime of N20 is

long compared with the processes which perturb the chem-

istry in the polar vortex, it serves as a dynamical tracer

which indicates origins of air parcels. When comparing air

parcels, the ones with smaller mixing ratios of N20 are likely

to have come from higher in the stratosphere or to have been

there longer. Parcels with larger mixing ratios of N20 show

more influence of the troposphere. In AAOE, N20 was

observed to decrease on surfaces of constant 0 while moving

south from Punta Arenas. Podolske et al. [this issue] draw

several conclusions from these observations: that the air in

the region was not well mixed meridionally, that a gradient in

subsidence occurred during the winter, with greater subsid-

ence occurring poleward, and that the air sampled at the

south end of the flights subsided by 3-5 km more than that

over Punta Arenas. Although north-south mixing was not

complete, Podolske et al. [this issue] conclude that the

location of the N20 isopleths was determined by a combi-

nation of mixing along 0 surfaces and subsidence.

Fahey et al. [1989, this issue] developed a means of

estimating the amount of NOy which was originally in an air

parcel from the N20 mixing ratio. This expected amount of

NOy is referred to as NOy. When the mixing ratio of NOy

exceeds the measured NOy, NOy has been removed from

the parcel or is on particles which were separated from the

NOy instrument inlet by the inertial separator. When NOy

exceeds NOy, the NOy signal includes aerosols being sam-

pled and enhanced in the NOy inlet. The term denitrification

denotes either partial or total removal of NOy from an air

parcel.

GEOGRAPHICAL DISTRIBUTION OF CN

AND RELATION TO N_O

Observations of Geographical Distribution

of CN

Figure 3 shows vertical profiles measured at latitudes near

-71. These profiles were located from 1° to 10 ° latitude south

of the C10 wall and are all in the CPR. Most of the profiles

measured in this region show a mixing ratio minimum at a

value of 0 between 380 and 420 K. The ASAS-X data

indicate that the sulfate aerosol volume mixing ratio profile

has a maximum at the same 0 as the CN minimum.

Figure 4 shows typical vertical profiles of CN mixing ratio
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Fig. 4. Mixing ratio profiles measured at -53 ° latitude on four
days: August 28.(s01id line), August 30 (dotted line), September 9
(dashed line), and September 20 (solid line). The September 20

profiles reach highest potential temperatures.
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measured near -53 ° latitude. Mixing ratios generally de-

crease as 0 increases above 300 K. Those profiles reaching

0 > 450 K usually have a region of nearly constant CN

mixing ratio extending from the top end of the decreasing

segment to the top of the profile. On average, the lower edge

of this CN plateau is found at 0 = 440 K. The highest 0

reached in these profiles was about 505 K. The ASAS-X

shows that the sulfate aerosol volume mixing ratio tends to

correlate negatively with CN on these profiles. Sulfate

volume generally increases as CN decreases above 0 of 300

K and shows a plateau with a maximum value where CN has

a plateau with a minimum.

Figure 5 shows mixing ratios measured between 422 and

427 K as a function of latitude from the C10 wall. The range

of 0 has been restricted to emphasize the latitudinal depen-

dence. The mixing ratio increases to the south of the C10

wall and decreases south from Punta Arenas to a minimum

just north of the C10 wall. Figure 6 shows a similar plot for

values of 0 _ 455 K. In this plot the mixing ratio increases

south of the C10 wall.

CN mixing ratio profiles in the CPR, near Punta Arenas,

and at various locations in the ferry flights are shown in

Figure 7. For the most part, smaller mixing ratios were
observed near Punta Arenas and in the CPR than in the

tropics and northern hemisphere mid-latitudes.

Relation Between CN and N20

Mixing Ratios

CN mixing ratios showed both positive and negative

correlations with N20 during the AAOE study. Figure 8

shows a scatter plot of CN mixing ratio against N20 for 11

flights between August 28 and October 3. All the available

data from -71 ° to about 35 ° are plotted. CN tend to be

positively correlated with N20 for N20 values larger than

about 160 ppbv. For mixing ratios of N20 less than 150

ppbv, CN mixing ratios tend to correlate negatively with the

N20 mixing ratios. Most locations where N20 mixing ratios

exceeded 240 ppbv were north of Punta Arenas, and those

where NzO was less than 130 ppbv were south of Punta
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Arenas. Sorting into narrow bins in 0 or temperature did not
reduce the scatter in the CN-N20 data.

Figure 9 shows the geographical distribution of the sign of
the CN-N20 correlation. Each correlation was calculated
with 20 pairs of points measured along approximately 80 km
of flight path. Each of the 20 points is an average over twenty
1-Hz measurements. A moving correlation was done. Loca-
tions where the CN-N20 correlation exceeds 0.5 are indi-
cated with a plus sign, and locations where it is less than
-0.5 are indicated with a minus sign. Most of the points
above the sloped dividing line are negative, and most below
and to the right are positive. Podolske et al. [this issue]
present a contour plot of the N20 mixing ratio on potential
temperature-latitude coordinates. The dividing line in Figure
9 falls very near the 160 ppbv isopleth in their contour plot.
Air above and south of the dividing line has N20 mixing
ratios less than 160 ppbv, and air to the north and below it

has N20 mixing ratios greater than 160 ppbv.

Discussion of CN Distribution

For N20 mixing ratios in excess of about 160 ppbv, CN
and N20 correlate positively. The vertical CN mixing ratio
profiles in Figures 3 and 4 show this effect where CN is
increasing as 0 decreases. This is likely due to the increasing
influence of tropospheric air as N20 increases. The tropo-

sphere is a source of both CN and N20.

For N20 mixing ratios less than about 150 ppbv, CN and
N20 correlate negatively. Since decreasing N20 indicates
increasing influence of stratospheric air, this negative corre-
lation shows the effect of a high-altitude source of CN.

Increasing CN mixing ratios with increasing 0 illustrate a
region where this occurs in Figure 3.

The dividing line in Figure 9 was drawn to separate regions
of positive and negative correlation between CN and N20.

Figure 8 shows that the minimum in CN mixing ratio falls
between these regions of positive and negative correlation.
Therefore the dividing line also indicates the approximate

location of the minimum in the CN mixing ratio vertical

profiles.
Since the dividing line in Figure 9 falls very near the

160-ppbv N20 isopleth, Figure 9 associates the location of
the minimum in the CN mixing ratio profile with a narrow

range of N20 mixing ratios, as does Figure 8. In the absence
of subsidence, isopleths of N20 should be parallel to sur-
faces of constant 0 [Loewenstein et al., 1989]. Therefore in

the early months of 1987 prior to the setup of the polar
vortex and CPR, it is likely that the CN vertical profiles were
similar in the -53°---71 ° region. That is, the mixing ratios of

CN probably decreased as 0 increased to values above 440 K
and were nearly constant above that to 0 > 500 K. Later in
the season, subsidence and mixing on 0 surfaces established

the slope of the N20 isopleths. The CN profile subsided with
the air. The line connecting the points where CN mixing

ratio profiles stopped decreasing with 0 acquired the same
inclination as the N20 isopleths. Above this line, particle
production (discussed below) occurred, and the line became
the locus of the minima in the CN profiles.

The flight segments at nearly constant 0 showed structure
which is consistent with differential subsidence of a fairly
uniform profile. Figure 5 shows that the CN mixing ratio was
often observed to decrease south of Punta Arenas at 0 - 425

K. The profiles at -53 ° often continued to decrease at 0 >
425 K. Increasing subsidence poleward brought those lower
values of CN mixing ratio to the 425 K surface south of
Punta Arenas. The increase in CN mixing ratio south of the
C10 wall resulted from the increased subsidence experi-

enced at those locations, causing the high-altitude source to
exert more influence.

The number and volume mixing ratios indicated by the

ASAS-X are consistent with the interpretation of the CN
data. The maximum in sulfate aerosol volume mixing ratio is
found at the same 0 as the minimum in CN, as would be

expected following subsidence. Sulfate filter sulfate mea-
surements [Gandrud et al., 1989] also show decreasing mass
mixing ratios as the ER-2 proceeded south on surfaces of
constant 0. Differential subsidence turned a gradient in
altitude into one in latitude with the result that the filter

samples were taken at altitudes increasingly above the
maximum in mass mixing ratio in the sulfate layer. At -71 °
the filter sulfate mass mixing ratios often increased as the
ER-2 descended to lower altitudes and toward the maximum

in the sulfate mass mixing ratio profile.
Loewenstein et al. [1989] argue that the subsidence oc-

curred prior to the start of AAOE. The effect of the subsid-
ence on the sulfate aerosol size distribution at any fixed

geometric altitude can be inferred from the CN and ASAS-X
profile data. At altitudes above the CN minimum, the sinking
air likely brought smaller volume mixing ratios and constant
or increasing CN mixing ratios to a given geometric altitude.
Thus the size distribution shifted toward smaller sizes. This

shift affected the optical properties of the aerosol observed
in the absence of clouds. The ER-2 aerosol data suggest that

the scattering ratio at a given geometric altitude should have
decreased with time as the CN minimum sank below it. The

scattering ratio data [McCormick et al., 1989] do show a
decrease at the appropriate altitudes during the time of the
subsidence. It is also likely that during the subsidence the
size distribution of the PSC nuclei and the microphysics of
PSC formation changed with time at fixed geometric alti-
tudes.
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CN profiles were measured at -78 ° with the balloon-borne
University of Wyoming CNC [Hofmann et al., 1989] and
show minima in mixing ratios at potential temperatures near
385 K. The mixing ratios reported at -78 ° on August 29 were
roughly twice the values reported for the minima measured
by the ER-2 CNC at -71 °. It is expected that the CN mixing
ratio minimum would occur at smaller values of 0 at higher
latitudes than it does at -71 °, since more subsidence should
have occurred at higher latitudes. The increase in the mini-
mum CN mixing ratio observed at -78 ° may be partially due

to the increased effect of the upper altitude source due to
increased subsidence.

NEW PARTICLE FORMATION

Background

Observations of new particle formation in the stratosphere
have been attributed to either chemical or thermal mecha-

nisms. The first involves gas phase reactions between sulfur-
bearing gases and free radicals producing sulfuric acid
vapor, which can condense to produce particles [Turco et
al., 1982; McKeen et al., 1984]. Examples of chemical
production of new particles in the presence of preexisting
aerosol were observed following volcanic eruptions when
large amounts of SO2 were injected into the stratosphere
[Hofmann and Rosen, 1981; Wilson et al., 1983b].

The thermal mechanism involves the evaporation and
recondensation of sulfuric acid and was observed at mid-

latitudes following sudden warmings in polar regions which
presumably vaporize sulfuric acid particles. Subsequent
transport of the vapor to cooler regions led to high levels of
supersaturation, and nucleation resulted [Hofmann et al.,
1985]. These events enhanced mixing ratios by orders of
magnitude in the 25- to 30-km altitude range following
warmings. Hofmann et al. [1985] suggest that this mecha-
nism causes an apparently global layer of CN in this altitude
range. This layer appears in balloon soundings, which reveal
a minimum in the CN mixing ratio at altitudes of 18-22 km
(D. J. Hofmann, Stratospheric sulfuric acid aerosol back-
ground increase 1960-1988, submitted to Nature, 1988) and
an increase in mixing ratio at higher altitudes. This thermal
source may also explain the observed reversals of correla-

tion between CN and 03 in mid-latitudes at pressure alti-
tudes of 20 km near the jet stream (J. C. Wilson et al.,
Measurements of condensation nuclei above the jet stream:
Evidence for cross jet transport by waves and new particle
formation at high altitudes, submitted to Journal of Geo-
physical Research, 1989.) At lower altitudes, a negative
correlation between CN and 03 indicates a tropospheric
source for the CN.

Balloon-borne CN measurements in the Antarctic spring
of 1986 revealed a layer of greatly enhanced CN above the
region of ozone depletion [Hofmann et al., 1988]. Both
thermal and chemical mechanisms have been suggested to
explain this CN layer.

Oppenheimer [1987] suggested that the CN layer might
have been formed from the products of oxidation of OCS by
OH. His calculations show that typical stratospheric con-
centrations of OCS and the enhanced concentrations of OH

suggested by Crutzen and Arnold [1986] would produce the
required particles in 1-2 months. These workers argue that
enhanced OH concentration is a likely result of denitrifica-

tion and is another way in which the Antarctic vortex is
chemically perturbed.

Hofmann et al. [1988] suggest that subsiding air and
radiative cooling could result in high sulfuric acid vapor
supersaturations. The sulfuric acid vapor concentration in-
creases with altitude, and subsidence is likely to increase the
saturation. This could be followed by homogeneous and/or
ion nucleation and the creation of new particles without
requiring additional sulfuric acid production via chemical
mechanisms.

New Particle Formation Observations
in AAOE

The negative correlation between mixing ratios of CN and

N20 shown in Figures 8 and 9 demonstrates the effects of a
source of CN at altitudes above the minimum in the CN

vertical profile. Due to the lifetime of CN, it is not possible
to know whether the production occurred during or before
AAOE. The negative correlations were observed in AAOE
whenever sufficiently low N20 mixing ratios were encoun-

tered. Thus a starting date for this particle production cannot
be inferred from the AAOE data.

Increases in CN at low mixing ratios of N20 are not
matched by increases in the ASAS-X signal. Since the
ASAS-X detects particles larger than about 0.1 /xm, it is
likely that the newly produced particles are smaller than 0.1

/zm. It is also likely that these new particles are not volatile,
since they survive heating to 28°C in the saturator of the
ER-2 CNC. Thus the counted particles probably consist of
H2SO4.nH20 , since both pure HNO3"3H20 and H20

should evaporate in the ER-2 CNC saturator.

Discussion of New Particle Formation

The observations of new particle formation discussed here
do not rule out either chemical production of sulfuric acid
vapor or an increase in the saturation of existing vapor due
to subsidence.

Support for thermal formation of new particles in subsid-
ing air parcels comes from the correlation between observed
new particles and N20 mixing ratios. Air parcels with the
low N20 mixing ratios probably subsided more than parcels
with high mixing ratios and generally have more particles.
The thermal explanation for the particles suggests that
greater subsidence would cause greater increase in the
saturation of sulfuric acid vapor and would make a greater
quantity of vapor available.

The new particles correlate more closely with the dynam-
ical tracer, N20, than with any of the chemical tracers
associated with the CPR, such as C10 or denitrification. For

example on September 22, CN was negatively correlated
with N20 north of the C10 wall at 0 - 450 K, where
denitrification had not occurred. Figure 9 shows a number of
occurrences this type north of the C10 wall. Also, the
boundary of the region in which new particles were observed

is parallel to isopleths of N20 and is inclined with respect to
the boundary of the chemically perturbed region. The
boundary of the chemically perturbed region was only
located and defined for values of 0 near 425 and 455 K.

It is not known if there is sufficient sulfuric acid vapor at

the appropriate altitudes to form the particles observed after
subsidence of 3-5 km. However, if the new particles are
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assumed to have diameters near the low end of the detect-

able size range and little vapor is assumed to condense on

preexisting particles, the sulfuric acid vapor vertical profiles

measured by Arnold et al. [1981] provide just enough sulfuric

acid to account for the new particles.

The production of CN observed outside of the chemically

perturbed region does not rule out a chemical origin for the

new particles. CN usually have long lifetimes compared with

C10. Therefore it is possible that particles could have been

formed in parcels containing elevated OH and C10 and that

the C10 disappeared later. This could happen if NO r were

deposited on PSC particles which were too small to sediment

significantly. Then the perturbed chemistry would disappear

after the evaporation of the PSC. New particles made while

the chemistry was perturbed would exist longer than the

indications of the perturbed chemistry which caused them.

A second chemical mechanism can be suggested in addi-

tion to that of Oppenheimer [1987]. Rates and products of

reactions between C10 and OCS are not known. However,

the upper limits for these reactions [DeMore et al., 1987] and

reasonable concentrations for OCS [Oppenheimer, 1987]

together with the measured values of C10 concentration do

not preclude the possibility that the new particles were

formed from products of oxidation of OCS by C10. In such

an instance, the formation of the new particles would not

serve as a significant sink for C10, since the numbers of

reacting molecules would be small compared with the mea-

sured C10 concentrations.

The number of particles produced is affected by the

quantity of preexisting aerosol as well as the saturation and

properties of the condensing vapor. Preexisting aerosol

provides a surface on which the vapor condenses, and this

condensation competes with new particle formation. The

dividing line in Figure 9 identifies the approximate location

of the minimum in the CN mixing ratio profiles and the

maximum in aerosol volume mixing ratio. It is likely that the

quantity of preexisting aerosol surface also decreases to the

south and above the dividing line. If so, this would facilitate

the increased formation of new particles which is observed

when moving to the south and above the line. The aerosol

size distribution in this region is likely to be bimodal. The

new particles will probably form a mode with a diameter

small compared with that of the preexisting aerosol.

The relationship between the increases in CN reported

here and the layer of CN reported at -78 ° [Hofmann et al.,

1989] is unknown. It is worth noting that this layer seems to

be formed in a region having very little preexisting aerosol.

CN MIXING RATIOS IN AND OUT OF

DENITRIFIED AIR

Observations

Figure 10 is a plot of CN versus N20 for denitrified and

nondenitrified air on September 22. Nitrate aerosols are not

present on this day. Therefore air in which NO r is signifi-

cantly less than NO r has been denitrified. Data in the figure

are sorted into two groups: those points for which NOy/

NO_ < 0.25 represent denitrified air, and points for which

NOy/NOy > 0.75 represents air which is not significantly

denitrified. The points with N20 > 120 ppbv and NOy/NOy

< 0.25 were encountered in the profile near -71 °. For values

of N20 between 140 and 190 ppbv, the CN mixing ratio is

NC 8C

M

I

N m 80'

G g

IRA

A I

T R

I 40'

0

8

.g.

o :

N20. ppbv

Fig. 10. CN mixing ratio plotted as a function of N20 for
September 22, 1987. Data are segregated into two classes. For the

data indicated with plus signs, NOy/NOy exceeds 0.75. These points
represent air which is not significantly denitrified. The points
marked with open circles have values of NOy/NO_ less than 0.25
and represent denitrified air.

approximately 15% less in denitrified air than in nondenitri-

fled air. On September 16 the denitrified air holds slightly

more CN. So within approximately -+20%, CN mixing ratios

are the same in denitrified and nondenitrified air having the

same N20 mixing ratios.

Implications for Removal of NOr

Comparison of these different air parcels requires some

justification. The nondenitrified air parcels with N20 - 150

ppbv were found north of the C10 wall at 0 > 415 K. The

denitrified parcels with similar N20 mixing ratios were found

south of the C10 wall at 0 < 400 K. If the differential

subsidence scenario described above is correct, then it is

reasonable to assume that the parcels were at similar poten-

tial temperatures and contained similar aerosols before the

chemically perturbed region was established.

The comparison of denitrified and nondenitrified air sug-

gests that the removal of NOy was accompanied by removal

of only 0-20% of the CN. If a significantly greater fraction of

CN were removed, the comparison requires that the particle

production process replaced most of them. It is likely that

the larger particles in the sulfate distribution would serve as

nuclei for PSCs and hence be removed. If a significant

fraction of them were removed and were replaced by

smaller, newly formed ones, the size distribution of the

aerosol would shift to smaller sizes. Signs of this shift are not

seen in the ASAS-X data. Thus, if the replacement occurred,

the new small particles had to grow by condensation of gas

phase sulfuric acid, so that the final distribution resembled

the initial one. A significant amount of sulfate would have

been required. At these altitudes there is probably not

enough sulfuric acid vapor in the air mass to replace a

significant fraction of the sulfate aerosol [Arnold et al.,

1981], and the conversion of OCS to sulfuric acid vapor is

probably too slow to provide the required sulfate [Oppenhe-

imer, 1987].

The limitations of the ASAS-X data and the uncertainties

concerning available sulfate weaken the argument against

the removal of a significant fraction of the CN. But the
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comparison constrains the aerosol processes, requiring re-
moved aerosol to be replaced.

COMPARISON OF CN AND LARGER PARTICLES
IN PSC FORMATION

Background

The formation of aerosols containing nitric acid was

predicted by Crutzen and Arnold [1986], Toon et al. [1986],
and McElroy et al. [1986] and confirmed by Fahey et al.
[1989], Gandrud et al. [1989], and Pueschel et al. [1989]. The
measurements of Hanson and Mauersberger [1988] show
that nitric acid trihydrate (HNO3-3H20) will form at tem-
peratures and water and nitric acid concentrations fre-

quently occurring in the polar vortex. The temperatures are
above those needed to form ice particles. The HNO3.3H20
particles can serve as a removal mechanism if they are large
enough. Small particles settle too slowly to be removed and
may sublimate, releasing nitric acid. Removal of nitric acid
from the gas phase is necessary for the maintenance of high
concentrations of active chlorine and consequent destruc-
tion of ozone [Solomon, 1988]. Fahey et al. [this issue] show

that up to 90% or - 10 ppbv of NOy has been removed from
the CPR.

It is known that PSC particles which are predominantly ice
can serve as sites for heterogeneous reactions necessary for
the release of active chlorine [Molina et al., 1987]. Although
removal of water by sedimenting ice particles may not be
necessary for ozone depletion, measurements of water vapor
in the chemically disturbed region shows that it does occur
[Kelly et al., 1989].

Observations

Comparisons of concentrations of CN with concentrations
of particles having diameters between 0.81 and. 9.75 /zm
show that a variety of size distributions was observed in
AAOE. In most cases when large particles were observed at

operating altitudes, measured NOy exceeded the mixing
ratio of HNO 3 required to achieve saturation over

HNO 3• 3H20. The mixing ratio of HNO3 required to achieve
saturation over HNO 3.3H20 was calculated from the results
of Hanson and Mauersberger [1988], the temperature, and

water vapor concentration. At these times, it was possible

that particles of HNO 3•3H20 were in equilibrium with water
and nitric acid vapor. But saturation is not assured, since

NOy includes more than nitric acid. Occasions when water
vapor was found to be saturated with respect to ice were also
examined.

Plots of the fraction of particles having grown into specific
size ranges are presented in Figures 11-13 for August 17, 18,
and 30. The plotted data contain most of the episodes
encountered at operating altitudes during which the FSSP
indicated significant aerosol volume and for which CN and

NOy data are available. These observations are typical of
those made on other days for which the data set was not

complete.
The total mixing ratio of particles present is determined by

adding the CN mixing ratio to the mixing ratio of particles
with diameters larger than 1.06/_m measured by the FSSP.
The FSSP data provide the mixing ratio in each size range.

The uncertainty in the upper size limit of the ER-2 CNC and
the uncertainty in the FSSP viewing volume may account for
the occurrence of fractions as large as 1.5.

On August 17, water mixing ratios exceed that necessary
for saturation over ice at times near 63,000 and 63,500 s. The
resulting size distribution (referred to as SD1) is character-

ized by a large fraction of the particles having grown to
diameters larger than 1.31 /_m. While fewer than 10% grew
to diameters between 7.56 and 9.47/xm, the majority of the

particles grew to larger than 2.76/zm in diameter.
A second type of size distribution (SD2) has a significant

fraction of the total aerosol number in the 0.81- to 1.31-/zm

range. When SD2 was present, the FSSP signal in this size

range correlated with the NOy signal, indicating that these
particles contained NOy. The population of larger particles
in SD2 is less than a few per thousand. SD2 occurred over
much of the interval between 60,000 and 65,000 s on August

17, except during the ice events. On August 18, SD2 was
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observed from about 58,200 to 59,200 s and from about

61,300 to 63,100 s. On August 30, time intervals from 57,500

to 58,000 s, from about 59,700 to 60,200 s, and around 61,500

and 62,500 s all show positive correlations between NOy and

the fraction of particles in the range 0.81-1.31 /xm. For the

most part, these intervals on August 30 show evidence of

denitrification. That is, NOy is less than NOy. Yet there

appear to be particles in the 0.81- to 1.31-/zm range contain-

ing NOy.

A third type of size distribution (SD3) is seen between

60,000 and 61,000 s on August 18 and around 57,000 and

63,000 s on August 30. In these cases, large particles appear

when there is minimal activity in the 0.81- to 1.31-/_m range.

These particles are not positively correlated with the NOy

signal. So either they did not contain significant quantities of

NOy or they did not reach the NOy inlet. They occurred

when mixing ratios of water vapor were less than required

for saturation over ice, so they were not pure ice particles in

equilibrium with ambient water vapor. These particles did

occur when NOy was less than NOy. So they could have

contained NOy without causing the air parcel to contain

more NO r than would be predicted from the N20-NOy
correlation.

Discussion

The occurrence of ice particles observed on August 17 in

the SD1 episodes seems to be well understood. Analysis of

the Microwave Temperature Profiler and wind data shows

that these events followed cooling in mountain waves and

that a cooling rate of 0.011 K s- 1 would be achieved in an air

parcel following the isentropic surfaces through the moun-

tain wave. This event was modeled by Toon et al. [1989],

who used a cooling rate of 0.003 K s-1. Toon et al.'s model
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produced ice crystals from every nucleus when observed
FSSP concentrations were used.

Isentropic back trajectories calculated for the 420 K theta

surface for August 17 show cooling rates between 10 and 20

K d -_ [McKenna et al., this issue]. This cooling occurred as

the air moved around the vortex and does not include the

effects of mountain waves. Results of calculations modeling

the formation of HNO3"3H20 particles in the Antarctic

stratosphere [Poole and McCormick, 1988] are applicable to

the examples of SD2 observed on August 17. These results

show that cooling rates in excess of 2.5 K d-2 should cause

a large fraction of the nuclei in the background size distri-

bution to nucleate and grow. The model assumed that the

growth of particles is limited by mass transfer in the gas

phase of the condensing vapor. The air parcel trajectories

and aerosol growth models are consistent with these obser-

vations of type SD2 distributions.

On August 18 the SD2 type distributions occurred in a

region frequently influenced by waves. The fraction grown,

however, was less than in the episodes on August 17. On

August 30 an even smaller fraction of the nuclei grew in the

0.81- to 1.31-/xm-diameter range in the SD2 distributions.

Since this air showed evidence of denitrification, less NOy
was available.

The third type of size distribution, SD3, contained parti-

cles larger than 2.76/zm. The composition of these particles

is unknown.

The model of Poole and McCormick [1988] was able to

produce large HNO 3• 3H20 particles by nucleating less than

5% of the available nuclei with cooling rates of the order of

tenths of degrees per day. At those rates, diffusion of vapor

to the growing particles depletes the vapor fast enough to

keep the supersaturation from reaching levels required to

activate the small particles. The model probably requires a

nucleation barrier in order to simulate situations in which the

fraction of particles growing to large sizes was much smaller

than 5% (L. Poole, personal communication, 1989). The

observations of SD3 on August 18 were made while encoun-

tering mountain waves. Rapid oscillations in temperatures

are expected in this region. Parcels of air following 0

surfaces probably experienced temperature swings of +2°C

with a period of about 5 min. The response of these aerosol

systems to this type of forcing is unknown. Monotonic, slow

cooling does not seem likely. So both the composition and

formation mechanism of the large particles in the SD3 size
distributions are unknown.

In the cases of SD1 and SD2, large fractions of the sulfate

aerosol were involved in cloud formation. The SD1 particles

probably did not settle significantly under gravity, since they

probably evaporated upon exiting the mountain wave in

which they were formed. If they were to settle significantly

under gravity, they would remove a significant fraction of

the CN with them. Similarly, if the nitric acid trihydrate

particles in SD2 were to be incorporated into large ice

particles which could settle significantly, the removal of a

significant fraction of the NOy would remove a significant

fraction of the sulfate nuclei. Comparisons of the CN-N20

relationship in and out of denitrified air suggest that this did

not routinely happen.

In order to remove NOy and water from the chemically

perturbed region without destroying the CN-N20 relation-

ship, a mechanism for getting these species onto a few large

particles is needed. The observations considered here fail to

reveal a clear microphysical path by which this can occur.

CONCLUSIONS

The vertical profile of the CN mixing ratio was found to be

closely related to that of N20. The location of the minima in

the CN mixing ratio profile between -71 ° and -53 ° latitude

was near the 160 ppbv N20 isopleth: This observation and

others suggest that the processes of mixing and subsidence

which determine the inclination of that isopleth also strongly

affected the spatial distribution of the sulfate aerosol.

New particle production was observed in air above and

south of the 160 ppbv N20 isopleth. This close relationship

between the region of particle production and the dynamic

tracer N20 suggests that the production mechanism may be

related to the amount of subsidence but does not exclude a

chemical origin.

Similar CN mixing ratios were found in denitrified air and

nondenitrified air with similar N20 mixing ratios. This

suggests that a minority of the nuclei were removed in

denitrification events or that they were replaced by aerosol

production processes.

Comparison of CN concentration with concentrations of

particles larger than 0.81/xm provides a means of comparing

observations of polar stratospheric cloud events with models

of PSC formation. Known events of rapid cooling produced

clouds with compositions and properties in agreement with

published theories. But these types of clouds may not have

contributed to removal of NOy and water from the CPR. Size
distributions were observed in which a few particles reached

a large enough size to sediment but their composition was

unknown.
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Abstract. The ER-2 Condensation Nucleus Counter

(ER-2 CNC) was operated in the Airborne Arctic Strato-
spheric Expedition (AASE) in January and February
1989. The ER-2 CNC measures the mixing ratio of
particles, CN, with diameters from approximately 0.02
#m to approximately 1 #m. The spatial distribution of
CN in the Arctic polar vortex was found to resemble that
measured in the Antarctic in the Spring of 1987. The
vertical profile of CN in the vortex was lowered by
subsidence. At altitudes above the minimum in the CN
mixing ratio profile, CN mixing ratios correlated
negatively with that of N20, demonstrating new particle
production. CN serve as nuclei in the formation of Polar
Stratospheric Clouds (PSC's) and the concentration of
CN can affect PSC properties.

Introduction

Definition and role of CN

It is believed that sulfate aerosol provides nuclei for
polar stratospheric cloud (PSC) formation and that the
number of these particles and their size affect the proper-
ties of the PSC's formed in the polar winter. The PSC's
probably participate in the removal of nitric acid and
provide sites for heterogeneous chemistry. Characteriza-
tion of the nucleus population aids in understanding
these aerosol processes.

The ER-2 Condensation Nucleus Counter (ER-2
CNC) [Wilson et al., 1983, Wilson et al., 1989] measures
the mixing ratio (number of particles per milligram of
air) of particles. The ambient concentration (number of
particles per cm3) equals the mixing ratio times the am-
bient air density (rag per cm3) calculated from the pres-
sure and temperature. The aerosol is sampled from the
free stream and then saturated with butyl alcohol vapor
at 28C. The sample is then cooled to 8C and the vapor
condenses on the particles which then grow to sizes
permitting convenient optical detection. The resulting
droplets are counted individually. Particles detected in
this way are called condensation nuclei (CN). Since the
aerosol is heated to 28C in this process only particles
with a nonvolatile core will be detected. Comparison
with another aerosol sensor, the FSSP [Dye et ai., 1990],
suggests that the ER-2 CNC may not have efficiently
counted larger, volatile particles in PSC's. Therefore,
measurements made in PSC's when the FSSP indicated

Copyright 1990 by the American Geophysical Union.
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more particles than the ER-2 CNC are not reported
here. So in this work, CN are defined as particles
initially smaller than l#m in diameter and having a
nonvolatile core larger than 0.02#m.

Other Instrumentation and Experiment Procedure

The NASA ER-2 aircraft was flown from Stavanger,
Norway (59N, 6E) fourteen times between January 3 and
February 10, 1989. The aircraft usually operated in the
approximate altitude range from 13.5 to 19.5km. The
northern most latitude varied from 73N to 82N. The
flight tracks often followed surfaces of constant potential
temperature, theta, which is used as the principal
vertical coordinate in this paper. On most flights, the
ER-2 executed a descent and/or ascent north of
Stavanger permitting vertical profiles to be measured.

Also used in this analysis are measurements of N20
made with the ATLAS spectrometer [Loewenstein et al.,
1989] and size distributions of nonvolatile particles larger
than 0.1 #m in diameter measured with the Passive
Cavity Aerosol Spectrometer (PCAS).

The Polar Vortex

In flights north, the ER-2 encountered'steep gradi-
ents in trace species along surfaces of constant theta.
N20 was observed to decrease and chlorine monoxide,
C10, [Brune, et al. 1989] was often found to increase.
The wind speed was near its maximum at this location.
These gradients in trace species were created by gradi-
ents in diabatic descent. The poleward end of the gradi-
ents consisted of air which had been brought down far-
ther from aloft. (Tuck [1989] describes the Antarctic
vortex which resembles that of the Arctic.) The most
striking observations of nitric acid removal occur in the
vortex[Kawa, et al. 1989] along with the strongest chem-
ical perturbations associated with ozone depletion
[Solomon, 1988]. The vortex is also perturbed with
respect to CN.

Proffitt et al. [1989] developed a consistent set of
criteria for locating the vortex edge and applied the
approach to the AASE data [Proffitt, personal communi-
cation]. Proffitt's locations are used in this paper. The
average latitude of the vortex edges is 68.4N.

Observations

CN Mixing Ratios in and out of the Vortex

Average CN mixing ratio profiles inside and outside
the vortex are plotted against potential temperature in
Figure 1. Also shown are the minimum and maximum
CN mixing ratios. Outside of the vortex, approximately

361

 ,me,omD e,AGE m.m mOT F#.MED



362 Wilson, et al.: CN Measurements and Particle Production in the Attic Vortex

500- 500

450

400

350

450

l t .-'" :
t t ." .

f /. •. • . •.

t " .t2._

IN VORTEX

----+-----l--I I I I -I--I...............
1130

4OO

350

300 300

20 20

"" I"" ""

OUTVORTE×

I I IIllll I I--I lllill
i00 1000"

"''"-......

....."

I I I I11_-
10000

CN MIXINGRATIO.#/MG AIR CN MIXINGRATIO,#/MO AIR

Fig. 1. Average CN mixing ratio profiles and maximum and minimum values. In vortex: double line is average
for January and dashed lines are extremes; single line is average for February and dotted lines indicate extremes.
Out of vortex: single line is average for January and February and dotted lines indicate extremes.

27 profiles were measured near 59N where the tropopausc
typically occurred between 320 and 340K (near 10-12 km
altitude). The average latitude of the 11 profiles
measured in the vortex was 73.7N. The January profiles
measured in the vortex differed from those seen in
February. ttowever, for both months, at thetas above
400K, nfixing ratio increased with potential temperature
in the vortex. Outside of the vortex, the CN mixing
ratio did not increase with theta above 400K.

CN concentration profiles are plotted against pressure
altitude in Figure 2. The pressure altitude is derived
from the standard atmosphere and overestimates the
geometrical altitude by around 1.5km at altitudes above
15km due to the low temperatures at these latitudes and
season. The average of the January profiles measured in
the vortex has a minimum at 19km pressure altitude.
The average of the February profiles has a minimum at
17km. The average of the profiles measured outside the
vortex decreases with altitude above llkm.

Measurements of mixing ratio sorted into intervals of
potential temperature and latitude from the vortex
boundary are shown in Figure 3 for the January and Feb-
ruary flights. Around 420K (approximately 16kin alti-
tude), CN mixing ratios are higher outside the vortex
than inside. Near 470K (around 18km altitude) this rela-
tionship is reversed. Near 450K, the January flights
show little change on entering the vortex and the Febru-
ary flights show increasing mixing ratios on entering.
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CN mixing ratios are plotted as a function of the N20
mixing ratio in Figure 4 for January and February
flights. The data from all flights in the respective
months falling in 10ppbv N20 intervals were grouped
and averaged. The error bars include +- one standard
deviation. For mixing ratios of N20 in excess of about
220ppbv, CN mixing ratios correlate positively with N20
and show large scatter. For mixing ratios of N_O less
than about 180ppbv, CN correlate negatively with N20.

Figure 5 shows the location of positive and negative
correlations with respect to the vortex boundary. One
hertz data were averaged over 20s. Then correlations
between CN and N20 were calculated over 400s inter-
vals. Thus 20 points are included in each correlation.
The locations of correlations greater than .5 or less than
-.5 are shown.

Discussion

Spatial Distribution of CN

The average of the CN mixing ratio profiles measured
outside the vortex decreases as theta increases from the
tropopause (Figure 1). Throughout this region, CN
tended to correlate positively with N20 (Figure 5). Since
the troposphere is the source for N20, the positive correl-
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Fig. 2. Average CN concentration profiles as a function of pressure altitude in and out of the vortex. In vortex:
double line is average for January and dashed lines are extremes; single line is average for February and dotted
lines indicate extremes. Out of vortex: single line is average for January and February and dotted lines indicate
extremes.
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ation suggests that the troposphere is the dominant
source for CN in this region.

In the vortex, the CN mixing ratio minimum of about
30 to 50rag-1 occurred at around 400K or near 15kin geo-
metric altitude (Figures 1 and 2). When flying into the
vortex at potential temperatures of 400 to 440K (Figure
3), CN often decreased near the boundary. This suggests

that the minimum in the CN mixing ratio profile was
above this potential temperature outside of the vortex
and had subsided inside the vortex to this potential
temperature.

At high latitudes in the winter, CN mixing ratios are
seen to increase above the minimum [Wilson et al. 1989,
Hofmann et al. 1989]. This increase is also shown in
Figure 1 for measurements in the vortex and caused the
increase in CN noted at the vortex boundary when enter-
ing the vortex at theta near 470K. This increase is due
to particle production as discussed below.

Measurements of CN from balloons in the polar
winter regions have shown a dramatic increase in CN at
altitudes above 20km [Hofmann et al. 1989], but this
layer is not within reach of the ER-2.

Particle Production

The increase in CN with potential temperature in the
vortex and the negative correlation with N20 both sug-
gest particle production in this or higher regions. In the
vortex, the air with low N20 has descended from higher
altitudes. Increasing CN as N_O decreases suggests a
high altitude source for CN. The distribution of negative
correlations between CN and N20 (Figure 5), shows that
this source affects most of the region above theta of 400K
inside the vortex and just outside of the vortex at theta
above 450K. These new particles are very likely to con-
tain at least some sulfuric acid. Particles consisting of
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Figure 5. Location of correlations between CN and N20 in excess of 0.5 (+) and less than -.5 (-).
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onlynitricacidtrihydrateorwatericewouldcompletely
evaporateintheER-2CNCsaturator.

Outsideoftheregionofparticleformation,apositive
correlationisobservedbetweenCNandPCASnumber
mixingratios.Thiscorrelationisreducedordisappears
in theregionsofnewparticleproductionwhichshows
thatthenewparticlesare,forthemostpart,smaller
than0.l#mindiameter.

Thesenewparticlesexhibitastrongnegativecorrela-
tionwithN20whichsuggeststhatCNproductionis
greatestinairwhichhassubsidedmost.Thisisconsis-
tentwithathermaloriginfortheseparticlesinwhich
existingH2SO4vaporincreasesinsupersaturationasthe
airsubsidesandcondensestoformnewparticles.
Hofmannetal.[1989]suggestedsuchasourceforforthe
layerofCNobservedin thepolarregionataltitudes
above20km.

Photochemicalsourceshavealsobeensuggestedfor
newparticleformationin thepolarregions
[Oppenheimer,1987,Hofmannetal.,1989].Inthissce-
nario,additionalH2SO4is formedfromaprecursorsulfur
gasbyfreeradicalswhoseconcentrationsareenhanced
duetotheperturbedchemicalstateofthevortex.

TheCNmixingratiocorrelatesnegativelywiththe
PCASaerosolvolume.Eitheroftheabovemechanisms
isexpectedtoproducethisresult,sincethepreexisting
aerosolsuppressestheproductionofnewparticlesby
servingasacompetingsinkforcondensingvapor.

Thenewparticleswereobservedinairmasseswhich
didnothaveelevatedC10concentrationsorevidenceof
HNO3removal.Andtheywereseeninairmasseswhich
weresampledin thedarkandasearlyin themissionas
January3. Soevidentmarkersforperturbed
photochemistrydidnotalwaysaccompanyevidenceof
CNproduction.Butthesemarkersmaybeshortlived
comparedtoCNandthetrajectoryoftheparcels
sampledin thedarkmayhaveincludedsunlitsegments
priortothesampling.Thusperturbedphotochemistry
mayhaveoccurredpriortotheobservationsofelevated
CNandmaynothaveleftothermarkers.Thus,the
currentdatadonotprecludeeitherpossiblesource.

Comparison with Antarctic Measurements

The features described above are in substantial
agreement with results from the Airborne Antarctic
Ozone Experiment [Wilson, et al., 1989].

Conclusions

Observations of condensation nuclei in the Arctic
winter revealed patterns very similar to those in the
Antarctic winter. The CN profile was shifted downward
due to the large scale subsidence in the region. New
particles were produced. These particles correlated very
strongly with the region of subsidence, were mostly
smaller than 0.1 #m in diameter and were likely to
contain sulfuric acid and water. The particle production
was observed at altitudes above 400K (approximately
15km geometric altitude) inside the vortex and at
altitudes above 450K just north of the vortex boundary.

These data do not require a choice between the
photochemical and thermal production mechanisms.

In the vortex, concentrations increased with altitude
at geometric altitudes above about 17km in January and
15kin in February. In the Antarctic, rapid cooling rates
produced PSC's in which all or nearly all available nuclei
grew to diameters near or larger than l#m [Wilson, et al
1989]. In such cases, the mixing ratios of nuclei and
nitric acid will control the resulting particle size, optical
effects and sedimentation velocity of the PSC particles.

..... :_ _, ...

The observed increase in nucleus concentration with
altitude doubtless affected PSC properties.
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Abstract. Measurements were made of stratospheric
sulfate aerosols using a passive cavity aerosol
spectrometer and a condensation nucleus counter on a
NASA ER-2 aircraft in the Airborne Arctic
Stratospheric Experiment of 1989. The problems of
representative and accurate sampling and particle
evaporation were explicitly addressed in the design of the
inlets and reduction of the data. The measurements
suggest that the sulfate aerosol is bimodal in the polar
vortex above the mass mixing ratio maximum in the
sulfate layer. It appears that a nuclei mode of small,
newly formed particles exists in this region. A stronger
case is made for a nuclei mode in the upper few
kilometers of the troposphere and in the lower few
kilometers of the stratosphere. This mode is probably a
global phenomenon occurring in all seasons. Comparison
of denitrified and nondenitrified air suggests that
denitrification removes some of the larger sulfate
particles.

Introduction

The stratospheric sulfate aerosol layer consists
primarily of sulfuric acid and water and is found all over
the world [Junge et al., 1961; Turco et al., 1982;
McCormick et al., 1981; Hofmann, 1990]. These particles
are typically around 0.1#m in diameter and have mixing
ratios of around 50 particles/mg air in the heart of the
aerosol layer. Their size distribution is often described as
being lognormal during periods of volcanic inactivity
[Pinnick et al., 1976; Hofmann, 1990] and multimodal
sulfate aerosols have been observed after eruptions
Oberbeck et al., 1983]. Production of sulfate particles
as been observed following volcanic eruptions [Hofmann

and Rosen, 1981; Wilson et al., 1983a], in the air
transported from the polar winter vortex [Rosen and
Hofmann, 1983; Hofmann et al., 1985] and in the polar
winter vortex [Hofmann et al., 1988; Wilson et al., 1989].
Sulfate aerosols apparently serve as nuclei for the
formation of polar stratospheric clouds [Steele et al.,
1983; Hofmann et al., 1989; Wilson et ai., 1989; Dye et
al., 1990a].

Processes affecting the sulfate aerosol in the polar
regions include subsidence, new particle formation,
nucleation of polar stratospheric clouds, and
denitrification [Hofmann et ai., 1989, Wilson et al., 1989].
Significant questions concerning these processes remain.
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The effects of subsidence, new particle formation and
denitrification on the morphology and size distribution of
the north polar sulfate aerosol layer are described in this
paper. Although the stratospheric aerosol is approaching
a background level after a considerable period of volcanic
quiescence [Hofmann, 1990], the present observations
suggest that the polar aerosol is multimodal. A nuclei
mode is needed to accommodate new particles and a
mode with diameter near 0.6#m is present both in and
out of the vortex. In the Antarctic, the effect of
denitrification on the number mixing ratio of sulfate
aerosol was found to be small [Wilson et al., 1989]. The
present measurements suggest that denitrification
removes a few of the larger sulfate aerosols.

Measurement of the sulfate aerosol was made with a
Passive Cavity Aerosol Spectrometer (PCAS) on a NASA
ER-2. The measurements were designed to account for
the effects of anisokinetic sampling, of particle
evaporation in sampling and transport, and of refractive
index on optical sizing. Comparisons with a number of
aerosol measurements suggest that the PCAS may be
underestimating aerosol number concentration in the 0.5
to 1 #m diameter range, but none of the comparisons are
definitive.

Measurements

The Passive Cavity Aerosol Spectrometer (PCAS)

Size distributions of stratospheric aerosols were
measured with a Passive Cavity Aerosol Spectrometer
built by Particle Measuring Systems Inc., Boulder,
Colorado. The optical system consists of a passive cavity
containing a high-order, multimode He-Ne laser beam,
detection optics and a photodetector. The passive cavity
is formed by an output coupler mirror mounted on the
laser and an opposing mirror which oscillates at 180 kHz.
Light exiting the laser is reflected back and forth in the
cavity a few hundred times and, due to the vibrating
mirror, is incoherent over the time required for particles
to traverse the beam. The collection optics consist of
opposing Mangian mirrors with apertures having eolinear
axes perpendicular to the laser beam. Thus, light
scattered into co-axial cones with half angles of 45
degrees and with axes at right angles to the laser beam is
collected. Light scattered by individual particles is
measured using a photodiode. Each particle generates a
pulse whose height is analyzed by a multichannel
analyzer. Pulse height distributions are recorded over
contiguous 10 second intervals throughout the flight.
The PCAS sizes particles in the approximate diameter
range from 0.1 to 3#m.

Optical calibration of the PCAS. The instrument was
calibrated with monodisperse polymer microspheres
obtained from Duke Scientific, Palo Alto, California.
These certified particle size standards are NBS/BCR
traceable. Eleven calibration aerosols with diameters
between 0.220 and 1.63#m were used. The refractive
index of these particles is 1.59. Figure 1 shows the mean
voltage pulse height indicated by the PCAS for each of
the eleven calibration aerosols. The horizontal lines on
Figure 1 show the voltage boundaries of the channels in
which the multichannel analyzer accumulates pulses.
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Fig. 1. Calibration curves for PCAS. Solid line shows
refractive index of 1.59, pluses show theory for polymer
microspheres, squares show measurement for polymer
microspheres and dotted line shows refractive index of
1.44.

Also shown are expected pulse heights derived from
theory as follows. The scattering cross sections for the
calibration aerosols were calculated using Mie theory for
light scattered into the collecting optics of the PCAS. It
was assumed that incoherent beams impinge on the
particles from opposite directions with random incident
polarizations in the active cavity. The calculated
scattering cross section for each standard size was divided
by the mean measured voltage pulse height observed for
the corresponding monodisperse polymer microspheres. If
the theory correctly describes the instrument, this
calibration ratio should be independent of particle size
and refractive index and should depend upon laser
intensity, optical collection efficiency and gain of the
electronics. The calibration ratio for the eleven particles
was found to lie within *10% of the mean of the eleven
ratios. The mean of the eleven calibration ratios was
divided into the scattering cross section to produce the
theoretical pulse height expected for each calibration
aerosol. In Figure 1, the observed pulse heights are seen
to lie within one channel of the expected pulse heights,
justifying use of the theory to describe the instrument.

It was necessary to calibrate the PCAS for the
refractive index of the sulfate aerosol reaching the laser
beam in the stratosphere. The refractive index of sulfuric
acid and water aerosols is 1.44 over a broad range of
compositions [Steele and Hamill, 1981]. Calculation of
evaporation of water from particles in sampling and
transport showed that particles could be reasonably
characterized with this refractive index when they
reached the beam.

The calibration curve for refractive index 1.44 was
determined as follows. The scattering cross sections for
six hundred particle sizes were calculated for scattering
into the collection optics of the PCAS. These cross
sections were divided by the mean calibration ratio
determined for the standard polymer particles. The
horizontal grids on Figure 1 locate the channel
boundaries of the multichannel analyzer. The
intersections of these lines with the curve showing the
expected pulse heights for aerosols of refractive index
1.44 define the diameters assigned to each channel.

The thirty one channels are distributed over the
diameter range from 0.11 to 4.0#m in nearly even
logarithmic steps. Thus the width of each channel is
nearly 10% of the channel mean. The smallest relative
channel width is about 5% and the largest is near 20%.

Spatial and temporal variability in the intensity of
the multimode laser introduces some dispersion into the
instrument response for monodisperse test aerosols. The
standard deviation for the test aerosol size distributions
equaled approximately 10% of the diameter. The mean
discrepancy between the theoretical and measured
calibration points is 7% in voltage. Due to the slope of
the calibration curve, this discrepancy corresponds to a
few percent in diameter. These uncertainties appear to
be random.

Evaporation in sampling and transporl The inlet of
the PCAS was designed to sample aerosol from the free
stream and to slow the sample stream so that the aerosol
could be efficiently transported to the laser cavity.
Particles entering the PCAS aircraft inlet experience a
nearly instantaneous 20 K increase in temperature due to
adiabatic heating caused by slowing the Mach 0.7 sample
flow. This heating is referred to as ram heating. The
particles remain at ram temperature for tenths of a
second until they reach the inlet to the passive cavity
itself where they experience an even greater temperature
jump to nearly 273 K. This second heating is by heat
transfer from the cavity walls and lasts only a hundredth
of a second. This history of heating causes evaporation of
water and other volatile material from the particles
which changes their composition, diameter and refractive
index. This effect was theoretically modeled and the
model results were used to correct the measured data to
provide a description of the ambient aerosol size
distribution.

The model assumes that the ambient aerosol consists
of a supercooled solution of sulfuric acid and water.
Since this assumption is not met in polar stratospheric
clouds, PSCs, the data presented here exclude
measurements made in PSCs.

In the case of supercooled solutions of sulfuric acid
and water where water vapor is in equilibrium with the
water in solution, the fraction of the solution mass which
is acid, fa, can be calculated from the temperature and
water vapor concentration. The refractive index of the
solution and its density can be calculated from fa and
temperature. The determination of these relations at
stratospheric temperatures involves extrapolation from
measured values at much warmer temperatures [Steele
and Hamill, 1981; Gmitro and Vermeulen, 1963, 1964].

The model calculations utilized transition regime
heat and mass transfer formulas which account for the

fact that the mean free path of the gas molecules is
significant compared to the particle diameter. The Fuchs
and Sutugin [1970] transition regime flux interpolation
scheme was used for the mass transfer. A similar
interpolation scheme was adapted for heat transfer. A
number of transition regime schemes were tried, and the
results were not found to be very sensitive to the choice
of scheme. Heat and mass transfer were coupled.
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Fig. 2. Error in the mass of sulfuric acid in a particle
obtained with the simplified data reduction scheme. The
full evaporation model is used as the standard. Case N,
400 mbar ambient pressure and 900 ppmv of water vapor,
and case I, 200 mbar ambient pressure and 4 ppmv of
water vapor, represent extreme values rarely encountered
in the data set.

Combinations of aircraft Mach number, sample flow
rates, water vapor miXing ratios, ambient temperatures
and pressures representative of those encountered in

flight were chosen as test cases and particle density,
temperature, refractive index and solution strength were
calculated along the particle trajectories from the
ambient air to the laser beam. All relevant particle
properties where then determined at the laser beam.

In order to reduce the computational tasks to
manageable proportions, the flight data were analyzed
with a scheme which used the results of the test cases as
follows. It was found that the final droplet solution
concentration, fa, could be predicted with a correlation
equation based on final droplet diameter obtained from

the PCAS measurement and the equilibrium solution
Concentrations at ambient and laser cavity conditions. In
this analysis, a refractive index of 1.44 was assumed for
the sizing. The final droplet temperature was assumed to
equal the cavity temperature, and particle properties
were calculated at the laser beam. This simplified
method was used to calculate the mass of sulfuric acid in
the particles reaching the laser beam for the test cases.
Figure 2 shows the results of the comparison between the
detailed analysis and the simplified scheme, in all the
test cases except two, the mass of acid retrieved from the
simplified scheme was within 10% of that calculated with
the full analysis for submicron particles. Since the mass
of sulfuric acid reaching the beam is the desired variable
and since particles larger than one micron were only
occasionally encountered, the simplified scheme was
determined to be adequately accurate.

The flight data were reduced using the simplified
scheme. For each size distribution measured, the
ambient equilibrium sizes, composition, density and
refractive index were determined. Figures 3a and 3b
show the ratio of diameter at the laser to the diameter at
ambient conditions for two conditions. In Figure 3a,
ambient temperature of 197 K and water vapor mixing
ratio of 5.3 ppmv result in water vapor saturation over
ice of 0.254. This is fairly representative of cold yet
noncloudy conditions encountered in the vortex. In
Figure 3b, the ambient temperature was 217 K and the
water vapor mixing ratio was 4.6 ppm which is more
characteristic of mid-latitude water vapor saturations of
0.016. The higher humidity in the first case results in
more water on the particle and a lower value of fa.

Sampling and transport efficiency. The inlet of the
PCAS was designed to sample aerosol from the free
stream with known efficiency and to slow the sample
stream to permit efficient transport to the laser cavity.
Two diffusers were used (Figure 4). The first diffuser has
a sharp edged inlet and an included angle of 6.7 degrees.
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sampling

Fig. 4. PCAS ER-2 inlet. The exit flow meter is
indicated by the pressure taps in the converging section
on the right end of the inlet.

Inside this diffuser there is a second sampling tube with
its own diffuser. If the mass flow velocity in the inlet of
these diffusers does not match that in their respective
free streams, then a sampling artifact, referred to as
anisokinetic sampling, will occur [Belyaev and Levin,

1974; Rader and Marple, 1988]. If the velocity mismatch
is small, the resulting error can be estimated.

To estimate the sampling artifact, the mass flow
velocity in the free stream and into the first diffuser, the
velocity profile and gas density in the inlet at the point of
the second diffuser, and the mass flow in the second
diffuser must all be known. The mass flow out the exit
flow meter nearly equals the flow into the first diffuser
and is calculated from the ambient stagnation
temperature, the ambient stagnation pressure, the
aircraft Mach number, the diffuser efficiency, the exit
flow meter discharge coefficient and the pressure drop
across the exit flow meter. This pressure drop is
measured in flight. The exit flow meter discharge
coefficient, the flow profile in the inlet and the diffuser
efficiency were determined experimentally in the
laboratory at the Reynolds numbers and Mach numbers
encountered in flight.

The sample flow into the second diffuser is
transported to the PCAS for measurement. This mass
flow was measured in flight with a Tylan, model FM 360,
mass flow meter at the exit of the PCAS. This meter
was calibrated at the pressures experienced in flight. The
volumetric sample flow was nearly constant with pressure
up to about 100 mbar. It decreased from approximately
14 cm_ s-_ to about 6 cm3 s-1 as pressure decreased from
100 to 50 mbar.

The ratio of the particle mixing ratio in the diffuser
to that in the free stream is called the aspiration
coefficient. It was calculated for each of the two diffusers
using the empirical correlation of Belyaev and Levin
[1974] modified for compressible flow. The aspiration
coefficient varies with particle size and is used to correct
the measured data.

The net aspiration coefficient accounting for both
sampling points for 1 #In diameter particles was typically
around two. That is, the ambient mixing ratios for 1 #m
particles were calculated to be about one half that seen
by the PCAS. The aspiration coefficients for 0.1 #m
diameter particles approached 1. The major source of the
enhancement was the second diffuser where the velocity
ratio often approached two. The velocities at the first
diffuser were matched to within 25% over a wide range of
ER-2 Mach numbers.

The inertial losses in the bend between the second
diffuser and the PCAS were evaluated by comparing the
conditions encountered in flight with the analysis
performed by Tsai and Pui [1990]. Their numerical

analysis included calculation of the secondary flows in the
bend. For the tube, curvature and flows in the inlet to
the PCAS, the analysis predicts that fewer than 2.5% of
the one micron particles will be lost at the highest
altitude. Losses will be less for smaller particles and
higher pressures.

Comparison of PCAS measurements with those of
other instruments. A number of uncertainties remain
concerning the performance of the PCAS. For example,
it is not known if the inlet is correctly aligned with the
flow around the wing tank holding the PCAS. If not,
turbulence induced by a large angle of attack could
induce particle loss in the inlet. Assumptions concerning
the ambient state of the sulfate aerosol have not been
confirmed. Thus the response of the PCAS is not
sufficiently well understood to permit assignment of
measurement uncertainties from first principles.
Therefore, it is informative to compare the measurements
made with the PCAS with those made by other sensors.

Figures 5a and 5b show number distributions from
the PCAS and Ames Wire Impactor (AWI) samples (R.
Pueschel, personal communication) acquired
simultaneously on February 7. Distribution A was
acquired at a potential temperature, referred to here as
theta, of 458 K and 8 degrees inside the vortex.
Distribution B was acquired on the vortex edge at a theta
of 458 K. For both methods, the ambient size
distribution was constructed from the raw data by
assuming that the ambient aerosol is a supercooled
solution of sulfuric acid and water in equilibrium with the
ambient water vapor at ambient temperature_ In one
case the PCAS shows more small particles than the Ames
Wire Impactor, in the other case the impactor shows
more small particles. These distributions illustrate the
variability seen in several similar comparisons. In both
size distributions, the PCAS shows fewer particles
between 0.5 and 1 micron than does the impactor. This
is also typical of the other comparisons. The error bars
on the Ames Wire Impactor indicate the statistical
uncertainties associated with the sample size. These two
methods produce agreement to within about a factor of
two.

It is interesting to note that the Ames Wire
Impactor and PCAS showed similar agreement for
measurements made in PSC's. Figure 5c shows a sample
collected in a PSC on January 16 at a theta of 444 K and
14 degrees inside the vortex. The impactor Samples were
analyzed in a Scanning Electron Microscope at NASA
Ames. All the nitric acid trihydrate which struck the
impactor has evaporated before the samples reached the
microscope. The agreement between the PCAS and AWI
suggests that the PCAS succeeds in evaporating the
volatile PSC material before it reaches the laser: In this
PSC, the volatile material often constituted well over
ninety percent of the total volume.

As is described above, the PCAS data analysis
provides the composition and density of the ambient
aerosol as well as the size. This permits calculation of
sulfate mixing ratio from the PCAS output. PCAS
sulfate mixing ratios were compared with filter
measurements of sulfate mass mixing ratio made on the
ER-2 and provided by B. Gandrud (personal
communication, 1990). The average ratio of PCAS
sulfate mass mixing ratio to the filter values was 0.52.
The regression coefficient, r 2, equaled 0.52. The filter
values spanned 0.35 to 0.70 ppbm, parts per billion by
mass. Eleven filters were available for comparison and
two PCAS data points were discarded because they
contained unbelieved large particles as is discussed below.

Since the PCAS data analysis provided a value for
the ambient refr&ctive index, it was also possible to
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Fig. 5. Comparisons of PCAS and AWI. Units on the vertical axis are particles/mg air. (a)
Distribution A was acquired in clear air in the vortex at a pressure altitude of 19.9 km and a latil ade
of 77N on February 7. (b) Distribution B was acquired in clear air on the edge of the vortex at a
pressure altitude of 18.9 km and a latitude of 69N on February 7. (c) Distribution C was acquired in
a PSC at a pressure altitude of 20.3 km and a latitude of 78.2N on January 16.

calculate the extinction at wavelengths of 1 #m that the
ambient aerosol would cause and to compare it with that
measured by the SAM II instrument on the Nimbus7
spacecraft. Data from the SAM II measurements
[Osborn et al., 1990] are plotted with extinctions
calculated from PCAS size distributions in Figures 6a,
6b, and 6c. The potential temperatures for the SAM II
measurements were determined from the reported
geometric altitudes and the meteorological analyses of
Rood et al.[1990]. It was not often possible to find a
satellite measurement at the latitude and longitude of an
ER-2 vertical profile. In the cases shown in Figure 6, the
the ER-2 passed the latitude of the the SAM II
measurement point at two altitudes and made its profile
maneuver several degrees latitude to the north. The
PCAS points measured at the same latitude as the SAM
II profiles are indicated with a square symbol. The
PCAS profiles are indicated with asterisks. In Figures 6a
and 6b; the data suggest that the extinction profiles did
vary with latitude and that the square symbols should be
used for the the comparison. In the case shown in Figure
6c, comparing the PCAS profile with the the square
points suggests that the profile shows appropriate values
at the upper end. In these cases, the PCAS seems to
underestimate the scattering by less than a factor of two
at smaller thetas and by a factor as large as four at the
higher altitudes. The uncertainties in the satellite
measurement approach 30% at 19 km altitude and are
less at lower altitudes.

A Forward Scattering Spectrometer Probe Model 300
(FSSP-300) was also flown on the ER-2 in AASE. The
FSSP-300 measures aerosol larger than 0.4#m without
heating the particles [Dye et al., 1990b]. The FSSP-300
shows more particles in the diameter range from 0.4#m to
l#m than does the the PCAS. This discrepancy is about
a factor of two in air that is clearly of mid-latitude
origins but increases to values as high as eight near the

edge of the vortex and often exceeds fifteen in the vortex.
The discrepancy is greatest at the highest altitudes and
deepest penetrations in the vortex.

Conclusions concerning accuracy of PCAS
measurements. Due to questions concerning aerosol
sampling from aircraft traveling at Mach 0.7, it is not
possible to assign absolute uncertainties to either the
AWI or the filter sampler. However, the comparisons
between the PCAS and AWI and the PCAS and the
filters suggest that the PCAS may be underestimating
the aerosol population in the diameter range from 0.5#m
to l#m. This would cause underestimation of the
scattering at wavelengths of 1 #m and of the mass as
well. If true, this might result from ignoring particle loss
by turbulent deposition in the PCAS inlet. Losses by
turbulent deposition in the diffuser are not presently
calculable and may be significant.

Cautioned by the comparisons, we use the PCAS
data to quantitatively describe the integral and
differential parameters of the sulfate aerosol, but we do
not claim accuracy of better than a factor of two.
Therefore, for the present, we will not interpret
differences between the PCAS and other instruments
unless they are larger than this factor. We will also limit
ourselves to conclusions which are robust in the face of
errors of this magnitude. The data suggest that the
precision of the measurements are better than the factor
of two and so comparisons of PCAS data in various
circumstances will be interpreted even if differences are
smaller than a factor of two.

The discrepancy between the PCAS and FSSP-300
may indicate that the sulfate aerosol is not supercooled
liquid everywhere. One possible scenario is that the
number of frozen particles may increase with altitude and
latitude. Such particles are likely to carry more water
than supercooled ones at a given water vapor pressure.
If, as seems likely, the PCAS is able to remove most of
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the water from the frozen particles, then the
reconstructed ambient size distributions are likely to
underestimate the size of the actual ambient particles.
Since the number distribution is decreasing strongly at
diameters near 0.4#m, such underestimation would
increase the ratio of FSSP to PCAS concentrations.

If effects of this type were operating, then the
extinction calculated from PCAS data might also
underestimate actual extinctions due to underestimating
the size of frozen particles. Such an effect might explain
part of the discrepancy between the extinction seen by
SAM II and that estimated from the PCAS data. The
compared extinctions were measured inside the vortex.

Errors in reconstructing the ambient size distribution
do not present particular difficulties for the analysis
presented here. The PCAS is clearly quite effective in
removing volatile material from the particles. Therefore
the characterization of the amount of sulfuric acid on the
particles when they reached the PCAS laser is likely to
be robust. The conclusions drawn in the following
analysis deal with the amount and distribution of sulfate
in the aerosol or could be stated in those terms. If the
reconstruction of the ambient aerosol size distribution is

wrong due to failure of the assumption of supercooled
sulfuric acid and water particles, the conclusions
presented in the following analysis still stand.

The PCAS data will not be used in the discussion of
PSCs in this paper. Those data which are presented were
taken in clear air where the conditions for the formation
of PSCs did not exist.

Occasionally large particles occur in the PCAS data
record but are not detected by the FSSP-300. These are
thought to be artifacts, perhaps caused by photodiode
break down and are not permitted to influence
conclusions. Medians are usually used to describe
combined data and this reduces the influence of suspected
outliers.

The ER-2 Condensation Nucleus Counter (ER-2 CNC)

The ER-2 CNC detects particles larger than about
0.008#m in diameter by subjecting the sample to a
saturated vapor of butyl alcohol and counting the
particles which grow to sizes permitting optical detection.
The precise lower size limit at which particles are
efficiently counted depends upon pressure and has been
determined in laboratory tests [Wilson et ai., 1983b].
Particles are lost in transport to the growth chamber by
diffusion or impaction and this limits the range of
diameters which is accurately counted. At 21 km
pressure altitude, 50% of the 0.01#m particles, 72% of the
0.02#m particles and 87% of the 0.04#m particles will be
counted. At 13.5 km pressure altitude, 50% of the
0.007#n particles, 86% of 0.02#m particles and 91% of the
0.04#m particles are counted. The upper limit has never
been characterized but is estimated to be approximately
l#m. The ER-2 CNC heats the particles to 28 C before
detecting them so only particles having a core which is
nonvolatile at this temperature and larger than the

(
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minimum size are detected. The abbreviation CN refers
to the particles detected and counted by the ER-2 CNC.

Other Measurements Used in this Analysis

Measurements of reactive nitrogen species,
principally HNO 3+NO+NO _+NO 3+C1ONO2+NO
+2N_Os+HO2NO2, referred to here as NOy [Kawa et al.,
1990] are used to determine when the air being sampled
has been denitrified. N_O measurements [Lowenstein et
al., 1990a] are also required for this determination.
Fahey et a1.[1990] have determined that the amount of
NOy found in an air parcel can be predicted from the
amount of N20 in cases where the amounts of NOy have
not been disturbed by cloud processes. The expected
amount of NOy calculated from N20 is referred to as
NOy*. When NOy in an air parcel is less NOy*, then it
is assumed that the air has experienced a cloud process
involving condensation of HNO3 on particles and the
removal of the particles and HNO3 by gravitational
sedimentation. This process is referred to as
denitrification.

NOy, water vapor [Kelly et al., 1990] and
temperature measurements [Chan et al., 1990] were used
to determine when thermodynamic conditions precluded
the formation of nitric acid trihydrate and, for all
practical purposes, PSCs. The equilibrium vapor
pressure of nitric acid over nitric acid trihydrate was
calculated assuming that all the NOy was nitric acid.
The vapor pressure relations of Hanson and Manersberger
[1988] were used. The present paper describes sulfate
aerosol and therefore events involving PSCs were
excluded. When these measurements were unavailable,
the FSSP data were used to exclude PSC events from the
data set.

N20 is also used as a tracer for tropospheric air and
as a dynamical tracer in this analysis. Low values of
N20 indicate that the air has been in the stratosphere for
a long time and gradients of N20 on constant theta
surfaces indicate that subsidence has occurred
[Loewenstein et al., 1990b].

Temperature, and pressure measured with the
Meteorological Measurement System [Chan et al., 1990]
were used to calculate potential temperature, referred to
here as theta. Theta is used for the vertical coordinate in
most of the analysis which follows. Surfaces of constant
theta define isentropic surfaces. Adiabatic air motion
occurs along surfaces of constant theta.

Flights and the Vortex Edge

Data presented here were acquired on 17 of the
flights of the NASA ER-2 Aircraft in the Airborne
Arctic Stratospheric Experiment of 1988-89. The first
flight occurred on December 31, 1988 and was from
Moffett Field, California to Wallops Island, Virginia.
The second flight was to Stavanger, Norway. Thirteen
flights were made out of Stavanger, Norway between
January 3, 1989 and February 10, 1989. Return flights to
Moffett Field occurred on February 20 and 21, 1989.
Flights out of Stavanger generally went in a northern
direction, included one or more changes of altitude
permitting vertical profiles to be measured over a certain
extent, and involved sampling on one or more potential
temperature surfaces.

On all northern flights, the edge of the polar vortex
was penetrated by the aircraft. The vortex is a cold pool
of air circled by a strong jet [Schoeberl and Hartmann,
1991]. The edge of the vortex is defined in this paper as
the point of highest wind velocity and is that used by
Kawa et al. [1990]. At and north of the edge, N20

decreases during northern motion on isentropic surfaces
and shows the results of subsidence of air in the polar
winter [Loewenstein et al., 1990b]. The air inside the
vortex is often chemically perturbed. The population of
chlorine radicals is often enhanced [Brune et al., 1990],
reactive nitrogen species have often been removed [Kawa
et al., 1990] and clouds containing nitrogen species and
water are often observed [Pueschel et al., 1990]. These
changes are involved in ozone destruction and have
antecedents in and consequences for aerosol processes.

Stratospheric Sulfate Layer as Seen by
the PCAS and the ER-2 CNC

Morphology of the Sulfate Layer

Plate 1 summarizes the sulfate mass mixing ratio
calculated from the PCAS measurements made on ten
flights north from Stavanger on January 3,12,16,20,24
and 30 and February 7,8,9, and 10. Data taken in PCSs
have been removed from this record. All available data
were sorted into theta bins having increments of 10K and
latitude bins having increments of 1 degree. The median
of the data in each bin is plotted. Positive latitudes are
north of the vortex edge. Figure 7 shows the relationship
between geometric altitude and theta for two radiosonde
soundings on February 8. One sounding was made 12
degrees latitude south of the vortex edge and tlie other
was made 7 degrees north. The height of the tropopause
is marked. Geometric altitudes reached by the ER-2
ranged from about 13 km to 18 km deep in the vortex
and reached nearly 20 km outside of the vortex. Sulfate
mixing ratios in ppbm, parts per billion by mass,
measured on February 8 are plotted on Figure 8.
Altitudes were determined from Figure 7. The southern
profile was measured over Stavanger.

In the region north of the vortex edge, gradients in
sulfate mixing ratio are observed. Plate 1 shows that
sulfate mass mixing ratio tends to decrease at the higher
values of theta deeper into the vortex. The sulfate
gradients on surfaces of constant potential temperature
near the vortex edge are consistent with the observation
of gradients in other species at that location. Figure 8
shows a clear decrease of sulfate mixing ratio with
altitude north of the vortex edge.

In mid-latitudes in summer 1989, the sulfate mixing
ratio increased with altitude from 14 to 20 km. The
maximum in sulfate mixing ratio occurred between 20
and 24 km geometric altitude and mixing ratio decreased
with altitude above 24 km [Hofmann, 1990].

South of the vortex edge on February 8, the increase
in sulfate is seen between 9 and 13 km geometric altitude.
A broad, nearly flat maximum in the profile extends from
13 to 19 km. The decrease in sulfate mixing ratio with
altitude is not reached by the ER-2 south of the vortex
edge, but must occur somewhere above 19 km altitude.

Inside the vortex, the decrease of sulfate with
altitude and theta is seen clearly in Plate 1 and Figure 8.
On February 8, the decrease occurs above 14 km altitude.
The sulfate profile inside the vortex is displaced
downward with respect to that seen outside the vortex
and at mid-latitudes. The downward displacement of the
sulfate layer appears to be largely due to subsidence.
Loewenstein et al. [1990a] argue that the distribution of
N20 shows that the air in the vortex above 17 km
altitude has subsided 4 to 6 kilometers relative to
summer arctic profiles. Kent et al. [1985] have reported
subsidence of air from 18 km to 12.5 km during the first
three months of winter in the northern polar vortex.
They used aerosol extinction and optical depth as a
tracer foratmospheric motion and showed that the
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vortex wall and theta. Ratios in excess of 2.5 suggest presence of a nuclei mode.
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distances moved by these markers were much larger than
could be explained by sedimentation.

Figure 9 shows CN mixing ratios for the same
profiles plotted in Figure 8. Outside of the vortex, CN
mixing ratios decrease above the tropopause by a factor
of twenty and reach a broad minimum which starts above
360 K and extends to the top of the ER-2 profile. In this
region, the CN mixing ratio varies by a factor of two.

This broad minimum in the CN mixing ratio aligns with
the broad maximum in the sulfate mixing ratio profile.
Inside the vortex, the CN mixing ratio increases with
theta and this increase occurs as the sulfate mixing ratio
is decreasing. The CN minimum aligns with the sulfate
maximum both in and out of the vortex. These features
of the aerosol layer have been illustrated in many balloon
soundings [Hofmann et ai., 1989].
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Fig. 7. Altitude versus theta from two radiosondes.
Launch 12 degrees latitude south of the vortex edge (solid
line). Launch 7 degrees latitude north of the vortex edge
(dotted line).

Figure 10 shows sulfate mixing ratios plotted as a
function of N20 in and out of the vortex. All the clear
air flight data were grouped for this plot. The curves
show the locations of the tenth and ninetieth percentiles
for the grouped data. The data exclude measurements
made just inside the the vortex edge to avoid the effects
of the transition from outside to inside [Loewenstein et
al., t990a]. The smallest sulfate mixing ratios were
observed at low N20 values in the vortex. Values of N20
this low were not reached out of the vortex. Although
there are few data in the overlap regions, sulfate seems to
increase with N:O both in and out of the vortex as N20
increases from 140 to 180 ppbv. This suggests that the
top of the sulfate layer occurs at the same value of N20
inside and Outside the vortex and that the difference in
altitude of the sulfate layer between these locations is due
to subsidence. For a given value of N20, there is less
sulfate in the vortex than out of it.

Sulfate Size Distribution

Figures 11, 12 and 13 show four number, surface and
volume distributions selected to show features of the
sulfate size distribution at various locations with respect
to the edge of the vortex and the sulfate layer. Figures 8
and 9 permit the measurement sites to be located with
respect to important features of the sulfate layer. These
distributions are typical of distributions measured in
these regions on most of the flights. Size distribution A
was measured outside the vortex at a theta of 335 K.
This is above the tropopanse and below the minimum in
the CN profile .(Figure 9) and below the maximum in the
sulfate profile (Figure 8). Size distribution B was
measured near the top of the ER-2 altitude profile over
Stavanger out of the vortex. This location is in the broad
region of the sulfate layer where the aerosol number
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mixing ratio, indicated by CN, is near its minimum, and
the sulfate mixing ratio is near its maximum.

Size distribution C Was measured near the bottom of
the ER-2 profile in the vortex. This location appears to
be above, but near, the broad maximum in the sulfate
mixing ratio and the CN minimum. Size distribution D
was measured 7 degrees inside the vortex near the top of
the ER-2 altitude profile. Subsidence had brought the
top of the aerosol layer within the reach of the ER-2 here

SO4, ppbm

60 i00 140 180 220 260 300
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Fig. 10. S04, ppbm, as a function of N20, ppbv, in (open
squares) and out (solid squares) of the vortex. Ten to
ninety percentile range indicated by curves. In vortex
(double line). Out of vortex (solid line).

and the sulfate mixing ratio is decreasing with altitude in
this region. The total aerosol number mixing ratio, CN,
is increasing with altitude in this region of particle
production[Wilson et al., 1990].

The PCAS distributions plotted in Figure 11 have
been fit with lognormal size distributions. These
distributions are characterized by three modal
parameters, a geometric mean number diameter, d_nm, a
geometric standard deviation, _rg, and a total numfer, Nt
[Fuchs, 1964, p. 12 ff,]. The mo_ial parameters were
determined with a function fitting routine which
minimized the discrepancy between the lognormal
distribution and the measured distribution, These
iognormal functions are primarily useful as summaries of
the data. The three modal parameters replace the many
channels recorded for each size distribution. Since a
number of criteria for goodness of fit may be employed,
such fits are not unique, and the final determination of
the adequacy of the fit is visual inspection. Table 1 lists
the modal parameters and the simultaneously determined
CN mixing ratio. In each case, the fit distribution passes
through many of the measured points and captures major
features of the number distribution as measured by the
PCAS.

The lognormal fits to the number distributions
measured by the PCAS were transformed to surface
distributions by use of the Hatch-Choate relations
diHinds, 1982, p. 91 ff.]. These lognormal surface

stributions are plotted in Figure 12 along with the
surface distributions derived from the PCAS
measurements. Note that the lognormal parameters
resulting from the fits to the number distribution are
successful in describing the first twelve or so size bins of
the distribution. The modal parameter Nt describes a
lognormal distribution which accurately describes the
lower twelve size bins even though about half the
particles in the mode are not seen by the PCAS.

In two of the size distributions, A and D, the total
number derived from the fits, Nt, is more than a factor of
two less than the measured CN values. This fact has
been represented graphically in Figure 11. When
dN/d(log(Dp)) is plotted against the log of the diameter,
Dp, the area under the curve between any two diameters
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is proportional to the number of particles found between
those two diameters. Thus the area under the fine dotted
lines is proportional to Nt. The area under the dashed
line is proportional to CN-Nt, the number of particles
counted by the ER-2 CNC but not accounted for in the
lognormal fit to the PCAS measurement. Since the ER-2
CNC can detect particles as small as 0.008#m in
diameter, it is assumed that these particles are in the
diameter range from about 0.Ol#m to 0.1#m. The actual
dgnm, and ag of these modes are unknown, but the area
under the curves does represent the number of CN which
are unaccounted for by the lognormal fit to the PCAS.

A lognormai distribution can be fit to the PCAS
measurements in Figure 11 with the constraint that Nt
equal CN. In the case of distribution A, the resulting
distribution has a dgnm approximately equal to the lower
detection limit of the ER-2 CNC. This distribution is

not physically reasonable since it places about half the
particles out of the range of the instrument that counted
them. Fitting a lognormal with Nt constrained to equal
CN for distribution D in Figure 11 does not result in any
such major contradiction. However, the lognormal
distribution resulting from the unconstrained fit shown in
Figure 11 passes closer to more of the measured values
than the constrained fit. Thus it is not possible to
describe the measurements shown in Figures lla and lld
as monomodal lognormal distributions without ignoring
significant features of the measurements.

In distributions B and C, the CN mixing ratio does
exceed Nt, but by less than a factor of two. Given the
measurement uncertainties cited above, we will say that
these CN and PCAS measurements are not inconsistent
with the hypothesis of a monomodal, lognormal size
distribution.
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The Nuclei Mode and Regions of New Particle Formation

The presence of a mode with a median diameter in
the 0.01 to 0.1 #m diameter range is often associated with
new particle formation and is referred to as a nuclei mode
[Whitby, 1978]. Figure 9 and Plate 2 show locations
where CN exceeds Nt by so much as to strongly suggest a
significant population of particles in the 0.01 to 0.1 pm
diameter range. It is likely that there is a nuclei mode in
this region of the aerosol size distribution. Figure 9
shows profiles of Nt and CN. Plate 2 shows the rati o of
CN to Nt as a function of theta and latitude from the
vortex.

Figure 9 and Plate 2 clearly show that at potential
temperatures below 360 K over Stavanger, CN exceeds
Nt by factors of several to factors of 30 to 70. Similar
excesses of CN were encountered in every ascent out of

Stavanger and in every descent into Stavanger. This
type of profile was also observed on all ascents and all
descents at mid-latitudes on the ferry flights. Thus, they
were seen at latitudes Of 38N in December and FebruaD;
as well as at 59N in between. Profiles of this type have
also been observed in Darwin Australia in the winter of
1987 and over Moffett Field in summer of 1991. The size
distributions in the region around the tropopause
strongly resembles distribution A in Figure 11.

The surface mixing ratio profile determined from the
PCAS measurements are also plotted on on Figure 9.
For theta less than 360 K, this profile correlates
negatively with CN. This observation is consistent with
new particle formation in this region. For a given
concentration of condensable molecules, the number of
new particles formed will increase as preexisting surface
area decreases [McMurry,•1983].
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Other investigators have argued that new particle
formation occurs in the upper troposphere. Tony Clarke
(personal communication, 1991) reports observations of
new particle formation in the remote marine troposphere

TABLE 1. Lognormal Parameters From Fits to Size
Distributions Shown in Figures 11, 12, and 13

Dist. Nt, O'g Dgnm, CN,
particles #m particles
mg Air mg Air

A 49.9 1.51 0.153 983
B 42.8 1.84 0.144 67
C 32.0 1.71 0.175 45
D 33.5 1.52 0.159 112

at altitudes from 8 to 12 km. Hamill et al. [1982] predict
that sulfuric acid particles should form on precursor
particles in the upper troposphere. These precursor
particles are smaller than the detection limit of the CNC.
The observations reported here suggest that new particles
are formed in the upper troposphere and in the lower
stratosphere. It is likely that the aerosol in the few
kilometers above and below the tropopause has a nuclei
mode present at all latitudes and in all seasons.

The profiles of CN and Nt in the vortex, Figure 9b,
show increasing divergence between CN and Nt with
altitude above the minimum in the CN mixing ratio.
This region is also shown clearly in Plate 2. Ratios of
CN to Nt in excess of 2.5 are found north of the vortex
edge and at theta above 440K. In this region, CN was
found to negatively correlate with N20 [Wilson et al.,
1990], indicating a region of new particle formation where
one expects a nuclei mode. The presence of a significant
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populationofparticleswithdiametersbetween0.01#m
and0.1#misimpliedbysizedistributionDwhichwas
measuredin thisregionandbytherelationshipbetween
CNandNt. Hamilletal. [1990] find that the cold
conditions in this region of the vortex are conducive for
homogeneous nucleation of sulfuric acid-water particles.
The formation of these particles would lead to a nuclei
mode in this region of the stratosphere as well.

The volume distributions shown in Figure 14 have a
mode with modal diameter between 0.5p_n and 1.0pro. In
order to accurately describe these distributions, a
distribution more complicated than a monomodal
lognormal would be required. The origin of these modes
is uncertain.

Effects of Denitrification on the Size Distribution of the
Sulfate Aerosol

Observations in both the northern and southern
polar vortices have shown that reactive nitrogen species
are removed from the polar stratosphere in winter and
early spring [Fahey et al., 1990]. The availability of
reactive nitrogen affects the partitioning of chlorine
among ozone---destroying forms and those that do not
destroy ozone. The removal of reactive nitrogen
enhances the potential for ozone depletion [Solomon,
1990]. It is likely that the reactive nitrogen is removed
on particles which grow to large sizes due to the
condensation of nitric acid and water. These large
particles then settle from the stratosphere. A number of
mechanisms for removal of reactive nitrogen have been
proposed and discussed [Poole and McCormick, 1988;
Toon et al., 1990; Salawitch et al., 1989; Wofsy et al.,
1990].

Measurements in the Antarctic suggested that only a
small fraction of preexisting particles were removed with
the reactive nitrogen species in denitrification. Although
polar stratospheric clouds were observed in which a large
fraction of CN served as nuclei for the formation of larger
nitrogen--containing particles, the sedimentation of these
particles was not responsible for the denitrification.
Rather denitrification seemed to proceed by placing the
removed nitrogen species on large particles while

involving only a small fraction of the sulfate aerosols
[Hofmann et al., 1989; Wilson et al., 1989].

In AASE it was possible to compare the sulfate size
distributions in denitrified air with those observed in air
that had not been denitrified. Figure 14 shows
measurements of N_O and NOy/NOy* on February 7.
The horizontal axis is universal time (UT) in seconds.
NOy is total reactive nitrogen and NOy* is the amount
of reactive nitrogen is expected in the air parcel [Fahey et
al., 1990]. When the ratio NOy/NOy* is near one, the
air has not been denitrified. Observations made from
34000 to 35500 UT and from 41000 to 42000 UT were
made in nondenitrified air. When the ratio is much less
than one, the air has been denitrified as is seen between
36000 and 38500 UT where the ratio is less than 0.4 and
more than 60% of the reactive nitrogen has been
removed. Between 39000 and 40500 UT the ratio is less
than 0.65 and around 35% of the expected NOy is
missing.

Figure 15 shows size distributions measured during
these intervals in denitrified air and in air that has not
been denitrified. Since the number and volume of sulfate
particles varies with N20, the compared size distributions
were measured at similar values of N20. The
distributions shown in Figure 15a were measured when
N_O equaled approximately 150 ppbm and approximately
70% of the reactive nitrogen had been removed from the
denitrified air. The distributions shown in Figure 15b
were measured when N_O equaled about 100 ppbv and
about 35% of the NOy had been removed from the
denitrified air. Three distributions are shown for each
class. The lowest line of each represents the first quartile
of the grouped values of dN/d(Log(Dp)) for each size.
The middle line of each represents the median and the
upper curve represents the third quartile. Since the
particle sizes are affected by relative humidity, the size
distributions measured in the denitrified air were
corrected to the relative humidity of the nondenitrified
air. The plotted distributions then have the same mass
fraction of sulfuric acid.

In Figure 15a, the third quartile of denitrified air has
fewer particles than the first quartile of nondenitrified air
for diameters larger than about 0.5 #m. In Figure 15b,
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the median in denitrified air has fewer particles than the
first quartile of nondenitrified air for particles larger than
about 0.5#m. This suggests that denitrification removes
particles from the large end of the sulfate size spectrum.
There are more particles in the small end of the
distribution in the denitrified case but this effect is not
understood.

A similar analysis was performed for the interval
between 39000 and 39500 UT on February 8 when
approximately 70% of the expected NOy was missing
from the air parcel. The distribution resembled that
shown in Figure 15b. Denitrified air parcels were
observed on January 16, 20, and 30 as well, but in those
parcels, NOy was sufficiently elevated with respect to
saturation over nitric acid trihydrate to suggest the
presence of PSCs and they were not analyzed. The
deficit of large particles was observed in each of the
three, cloud-free denitrified episodes encountered in
AASE.

Mixing ratios for CN, and aerosol sulfate were sorted
into denitrified and nondenitrified groups and plotted
against N20 for February 7 and 8. Within the scatter,
the CN and aerosol sulfate mixing ratios were the same
for the denitrified and nondenitrified air. However, the

geometric standard deviations caiculated for the volume
weighting of the size distributions group around smaller
values for size distributions measured in denitrified air
than for size distributions measured in nondenitrified air.
It appears that the removal of the large particles has
reduced the width of the size distributions enough to be
seen in a scatter plot.

Conclusions

Measurements of sulfate aerosol were made with a
Passive Cavity Aerosol Spectrometer flown on the NASA
ER-2 aircraft. Efforts were made to understand and
compensate for the effects of anisokinetic sampling,
evaporation of particles in sampling and transport, and
dependence of refractive index on composition.

Measurements made with the PCAS and ER-2 CNC
permitted the size distribution and morphology of the
sulfate aerosol layer to be mapped in the region of the
north polar vortex. Features of the sulfate layer which
were observed included the broad maximum in the

sulfate mass mixing ratio, the corresponding minimum in
the CN mixing ratio and the top of the aerosol layer.
The effect of subsidence on these structures was inferred
from simultaneous measurements of N20.

Comparison of CN measurements to lognormai fits of
PCAS size distributions permitted the hypothesis of a
monomodal aerosol to be tested. It was found that
monomodal descriptions of the aerosol were likely to be
wrong in the region around the tropopause where a nuclei
mode is probably needed for an accurate description of
the aerosol. The presence of a nuclei mode is also implied
by measurements made in the polar vortex where the
sulfate mixing ratio is decreasing rapidly with altitude.
In both locations, the nuclei mode is likely to be the
result of new particle formation.

Some evidence was found for additional structure in
the aerosol distribution between 0.5#m and l#m in
diameter. The meaning of this structure is not clear at
this time.

Comparison of denitrified air with that which was
not denitrified suggests that derdtrification removes
particles from the large end of the sulfate size
distribution. It is tempting to connect that observation
with the observation that there is less sulfate at a given
value of N20 in the vortex than out of it. However,
sorting measurements made in the vortex into denitrified
and nondenitrified cases does not reveal systematic
differences in sulfate mass mixing ratio or in CN mixing
ratio.
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